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FOREWORD

This report presents the results of one in a series of 14 experiments that investigated driver per-
formance in a generic Automated Highway System (AHS) configuration. The experimental re-
search was conducted in an advanced driving simulator. Each of six drivers traveled under au-
tomated control “to work™ each morning on Wednesday, Thursday, Friday, and Monday, and
“from work” each afternoon on the same days. The drivers drove manually before and after
traveling on the AHS in each session. The drivers’ steering and speed performance were com-
pared in various ways to determine whether traveling under automated control had any effects on
subsequent manual driving, the time course of any effects, the persistence of any effects across
days, and whether there were diurnal effects. In addition, other measures, such as minimum fol-
lowing distance and lane-change gap acceptance, were examined for other effects. After expo-
sure to the AHS, there were changes in both steering and speed maintenance; however, it appears
that these effects cannot be attributed to automated travel. There were indications that the mini-
mum following distance and incursion gaps may both have been smaller after the driver had
traveled under automated control, suggesting more aggressive driving. This report will be of in-
terest to engineers and researchers involved in Intelligent Transportation Systems and other Ad-
vanced Highway S temr=.

Sufficient copies of the report are being distributed to provide a minimum of two copies to each
FHWA regional and division office, and five copies to each State Highway Agency. Direct dis-

tribution is being made to division offices.

A. George Ostensen, Director
Office of Safety and Traffic Operations
Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for its
content. or use thereof. This report does not constitute a standard, spzcification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and manufac-
turers’ names appear in this report only because they are considered essential to the object of the
document.
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SECTION 1. INTRODUCTION AND OVERVIEW

INTRODUCTION

Currently, a great deal of attention is being focused on the possibility of using advanced tech-
nologies to develop an Automated Highway System (AHS), which would allow hands-off/feet-
off travel in one’s own vehicle. Human factors issues related to potential implementation of an
AHS are being explored in an ongoing two-stage program being conducted for the Federal
Highway Administration (FHWA). In the first stage of the program, seven experiments were
conducted in the Iowa Driving Simulator. In the second stage, seven additional experiments
have been conducted. This report presents the results of the seventh of these stage I experi-

ments.

Like all of the experiments conducted in stage I, the current experiment used an AHS configura-
tion that, if implemented, would require little structural alteration to the current roadways. This
configuration consists of a three-lane expressway in which the left-most lane is reserved for au-
tomated traffic that travels in strings of up to four vehicles, while the vehicles that remain under
the control of their drivers travel in the center and right lanes. With this configuration, the center
Jane is also used by vehicles that are in the process of transitioning into or out of the automated
lane—there is no dedicated transition lane to and from that lane. Also, there are no barriers be-

tween the automated and unautomated lanes.

The experiments conducted in stage . of the program investigated the following:

«  The transfer of control from the AHS to the driver of the simulator vehicle as the vehicle left
the automated lane (experiments 1 and 2).(D

«  The transfer of control from the driver to the AHS as the simulator vehicle entered the
automated lane (experiments 3 and 4).(2:3

« The acceptability to the driver of a vehicle in the automated lane of decreasing vehicle
separations as a vehicle enters the automated lane ahead of the driver’s vehicle
(experiment 5).(4)

o The effectiveness of the driver when he/she was required to control the steering and/or speed
when traveling through a segment of the expressway in which the capability of the AHS was
reduced (experiment 6).0)

« The effect on normal driving behavior of traveling under automated control for very brief

periods of time (experiment 7).(6)



The first five stage II experiments were run together in a single combined experiment that

investigated the following;:

«  The behavior of the driver during the time that his/her vehicle was traveling under automated
control (experiment 1).

«  The kind of information that the driver would want to have available when his/her vehicle
was traveling under automated control (experiment 2).

« The effect on normal driving behavior of traveling under automated control for an extended
period of time (experiment 3).

« The effect on normal driving behavior of gaps of different lengths between the driver’s
vehicle and the vehicle ahead, during travel under automated control (experiment 4).

+ The effect on normal driving behavior of different methods of transferring control from the

automated system to the driver (experiment 5).

Levitan and Bloomfield reported the results of the first two of these experiments.(? The

remaining three are described by Bloomfield, Levitan, Grant, Brown, and Hankey.(g)

This report describes the seventh experiment of the program—it determined the effect on driving

behavior of commuting via the AHS.!
THE EFFECTS OF TRAVELING IN AN AUTOMATED HIGHWAY SYSTEM

T* -ee previous studies in this series of experiments provide some information about the effect of
traveling under automated control on subsequent driving behavior. In the first of these studies,
Bloomfield, Buck, Carroll, Booth, Romano, McGehee, and North investigated the transfer of
control from the AHS to the driver when the driver’s vehicle was leaving the automated lane.(1)
In that experiment, after traveling in the automated lane for 2 to 3 min, control of the simulator
vehicle was transferred from the AHS to the driver while the vehicle was in the automated lane
and still traveling at the designated AHS velocity. Once in control, the driver was responsible
for moving the vehicle from the automated lane to the center lane. Bloomfield et al. found that
the driver decelerated before moving the vehicle into the center lane: When the designated AHS

velocity was 104.7 km/h (65 mi/h), before moving from the automated lane to the center lane, the

11t should be noted that an AHS configuration was not used in the sixth stage II experiment. Instead, the effect on
driving behavior of two intelligent vehicle systems—a speed, steering, and gap control system (SSGCS) and a
collision warning system (CWS)—was determined when the driver was traveling under different visibility and

traffic density conditions.(®



driver decelerated until the speed of the vehicle was virtually the same as the 88.6-km/h
(55-mi/h) speed limit in the unautomated lanes; however, when the designated AHS velocity was
higher—either 128.8 km/h (80 mi/h) or 153.0 km/h (95 mi/h)—the driver did not decelerate to
the speed limit while the vehicle was still in the automated lane, but instead changed lanes and
entered the unautomated center lane at speeds of 104.4 km/h (64.9 mi/h) and 110.3 kmv/h

(68.5 mi/h), respectively.

In a second study, Bloomfield, Christensen, and Carroll directly investigated the effects on driv-
ing performance of brief periods of travel under automated control.(®) They focused on the post-
AHS driving performance after the driver had moved into the unautomated lanes, and after
he/she had finished decelerating and had selected a cruising speed. The main difference in pre-
and post-AHS driving performance was that in order to maintain a chosen velocity, before trav-
eling in the AHS, the driver made more frequent, smaller velocity correctio . - however, after
traveling in the AHS, the driver made less frequent, larger velocity correctivns—perhaps because
of becoming less attentive to speed. It is possible that more prolonged travel under automated

control might exacerbate this effect to the point where it becomes problematic.

In a third study (Bloomfield, Levitan, Grant, Brown, and Hankey), the driver traveled under au-
tomated control for at least 35 min.(®) When control of the vehicle was transferred back to the
driver in that experiment, the AHS had already reduced the speed of the vehicle from the desig-
nated AHS velocity to the speed limit and completed the lane change from the automated lane to
the center lane. Driving performance data were obtained both before and after 36 drivers had
experienced traveling under automated control. T..2 performance of these drivers was compared
with that of 12 control-group drivers, each of whom was in the simulator vehicle for the same
length of time as the drivers who experienced travel under automated control, and each of whom
drove the simulator vehicle throughout the session. Bloomfield et al. found that there was less
steering instability and less velocity instability, and that there were more velocity fluctuations
after the drivers in their experimental groups had traveled under automated control for an ex-
tended period of time. However, since they also obtained similar changes in performance for the
control-group drivers, Bloomfield et al. were not able to attribute the changes in performance to
the experience of traveling under automated control.(8) There were, however, two variables for
which there were performance changes that suggested that drivers who had experienced extended
periods of automated travel may have driven differently after the experience—both the minimum
following distance and the minimum incursion gaps decreased tor the experimental-group drivers

after they traveled under automated control.(8)



The current experiment carried the investigation of the effect on driving behavior of traveling
under automated control still further, examining the effect of commuting via the AHS. Six
commuters participated in this experiment, which determined the effect of repeatedly traveling
for extended periods under automated control to and from the same destination at the same times
of day. Each commuter traveled “to work™ in the morning and then returned in the afternoon on
three consecutive days—Wednesday, Thursday, and Friday. Then, on the Monday following the
2-day weekend break, the commuter again traveled to and from work. Each journey was divided
into three sections: In the first section, the commuter controlled the simulator vehicle, driving
for approximately 13.5 km (8.4 mi); in the second section, the vehicle traveled under the control
of the AHS for approximately 44.7 km (27.7 mi); while in the third section, the commuter again
controlled the vehicle, driving approximately 12.7 km (7.9 mi). During the time that the com-
muter’s vehicle was in the automated lane, it traveled at a velocity of 104.7 km/h (65 mi/h)—
16.1 km/h (10 n " ") faster than the speed limit in the unautom=ted lanes. Also in this ~=riod. the
gap between th. commuter’s car and the vehicle immediately ahead in the string of avtomated
vehicles was 0.0625 s or 1.82 m (5.96 ft), which is much smaller than the following distance
typically chosen by drivers under normal driving conditions. Driving performance data were
collected in the simulator before and after the commuter’s vehicle had traveled under automated
control. These data were compared in order to determine whether the experience of cominuting

under automated control affected the commuter’s normal driving behavior.
OBJECTIVES OF THIS EXPERIMENT

The objectives of this experiment were:

e To determine whether the driving behavior of the commuter is affected by repeated travel
under automated control.

e To determine whether prior exposure to the AHS affects the subsequent driving performance
of the commuter.

e To determine whether the time of day affects the driving behavior of the commuter.

«  To determine whether the driving behavior of the commuter varies from day to day.

To achieve these objectives, driving performance data were obtained in the simulator before and
after each commuter traveled under automated control for an extended period of time twice a day

for 4 days. The analyses of these data focused on the following experimer tal questions:

e Does traveling under automated control for a single, extended period of time have an

immediate effect on the commuter’s driving performance?



If traveling under automated control for a single, extended period of time does affect the
commuter’s driving performance, what is the time course of that effect?

Does repeated travel under automated control for extended periods of time on consecutive
days have an effect on the commuter’s driving performance?

Does repeated travel under automated control for extended periods of time, when the
exposures to the AHS are not on consecutive days, have an effect on the commuter’s driving
performance?

If traveling under automated control does affect the commuter’s driving performance in the
period of time that he/she drives after regaining control of his/her vehicle, do the effects
persist and reoccur when the commuter drives again (without additional exposure to
automated travel)?

Is the commuter’s driving performance affected by the time of day—specifically, in the
morning when the commuter drives to work, does his/her driving performance differ from
his/her driving performance in the afternoon when he/she drives home from work?

Does the commuter’s driving performance vary from day to day?






SECTION 2. METHOD

SUBJECTS
The following guidelines were used to select the six commuters for this experiment:

« The commuters had no licensing restrictions, other than wearing eyeglasses for vision correc-
tion during driving.

e The commuters did not require special driving devices—the simulator is not equipped for
such devices.

e One driver was selected from each of the following age ranges: less than 25 years old,
between the ages of 25 and 34, between the ages of 35 and 44, between the ages of 45 and
54, between the ages of 7~ and 64, and between the ages of 65 and 74.

« Three of the six commuiers were male and three were female.

e The commuters were medically screened to ensure good physical and mental condition.

« The commuters had not participated in previous AHS experiments.

The six commuters who took part in this experiment were volunteers recruited through the lowa

City and University of Iowa daily newspapers, and who met the above selection criteria.

THE IOWA DRIVING SIMULATOR

The Iowa Driving Simulator, locateu in the Center for Computer-Aided Design at the Universi:’
of Iowa, Iowa City, is shown in figure 1.9 The physical configuration of the simulator consists
of a domed enclosure mounted on a hexapod motion platform. The hexapod motion system em-
ploys 1.5-m (60-in) stroke hydraulic actuators to induce six-degree-of-freedom motion cues to
the commuter. The motion system is capable of inducing correlated motion up to 5 Hz, vibration

noise up to 8 Hz, and accelerations exceeding 1.0 g.

In this experiment, a Ford Taurus sedan was mounted on the motion platform, and the simulator
was controlled by a computer complex that included a Harris Nighthawk 5800 and an Evans and
Sutherland ESIG 2000 Computer Image Generator (CIG). The Nighthawk was controlled by the
ICON operating system; it was responsible for arbitrating subsystem scheduling and performing
motion control, data collection operations, instrumentation, control loading, and audio cue con-

trol.U9 The Nighthawk also performed the multibody vehicle dynamics and complex scenario-

control simulation.
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Figure 1. The Iowa Driving Simulator.



The inner walls of the dome act as a screen. For the current experiment, the correlated images
generated by the CIG were projected onto two sections of these walls—one was a 3.32-rad
(190°) section in front of the simulator vehicle, the other was a 1.13-rad (65°) section to its rear.
The driver of the simulator vehicle viewed the images shown on the forward section through the
windshield and side windows, and the images projected to the rear either by turning arourd,

through an interior rearview mirror, or through a left-side exterior driving mirror.

DRIVING SITUATION

The driving situation for the commuter experiment can be described using the taxonomy of
interactions between the driver and the AHS developed by Bloomfield, Buck, Carroll, Booth,
Romano, McGehee, and North.(1) The experimental drives were conducted in dry weather
conditions, with good visibility, on a three-lane expressway that was 96.6 ki (60 mi) long—a
map of this route is presented in appendix 2. The left lane was automated, wue center and right
lanes were unautomated, there was no transition lane, and there were no barriers between the
automated and unautomated lanes. The lane widths were the current standard 3.66-m (12-ft)

expressway width, and a standard road surface was used.

All of the automated vehicles involved in the experiment were directly controlled by the AHS.
When the simulator vehicle was in the automated lane, the vehicle’s steering wheel reflected the

steering input from the AHS, the accelerator pedal reflected the vehicle behavior, and the brake

pedal was disconnected.

The posted speed limit in the unautomated lanes was 88.6 km/h (55 mi/h). In the center and right
Janes, the average velocity of the unautomated vehicles was fixed at 88.6 km/h (55 mi/h). The
traffic density in the unautomated lanes was 12.42 v/km/In (20 v/mi/ln)—this traffic density
level, which is one at which traffic flows freely, is close to the upper boundary of the Transporta-
tion Research Board Level of Service B (LOS B).(1D) With this traffic density, the mean head-
way time for vehicles in the unautomated lanes was 3.27 s. [Note: Mean headway time is the
difference in arrival time of two consecutive vehicles at a particular observation point on the
roadway. It includes both the length of the first vehicle and the gap between it and the following
vehicle.] The distribution of the velocities of the unautomated vehicles was normal, while a
Pearson Type III distribution was used to generate the time headways. The method used to gen-
erate vehicles in this experiment is described in detail by Bloomfield et al.(1) The parameters

used in the equations defining both the normal distribution of velocities and the Pearson Type III



distribution were derived using the procedure described by May and the data provided by
May.(12.13)

Over the course of 4 days—three consecutive weekdays (Wednesday, Thursday, and Friday) and,
after the 2-day weekend, the following Monday—each commuter participated in eight experi-
mental sessions. There was a morning session in which the commuter traveled “to work,” and an

afternoon session in which he/she traveled back from work.

On Wednesday morning, the first day of the experiment, the commuter practiced driving in the
simulator for 5 min. Then, as if going to work, the commuter traveled for 70.8 km (44 mi) on the
expressway. The journey was divided into three sections. In the first section, the commuter
controlled the simulator vehicle and drove in the right and center lanes of the expressway;

12.7 km (7.9 mi) ter the start of the journey, the cominuter received a message from t. + AHS
and the transfer of control from the commuter to the AHS began. Approximately 13.5 km

(8.4 mi) after the start of the journey, the second section of the journey began—the commuter’s
vehicle was in the automated left lane under the control of the AHS. This section lasted approx-
imately 44.4 km (27.4 mi). Then, the AHS moved the vehicle back into the unautomated center
lane and control was transferred back to the commuter. In the third section of the journey, the
commuter again controlled the vehicle, driving approximately 12.7 km (7.9 mi) in the center and
right lanes. To summarize, the journey was divided into three sections—a driver-controlled
section before the AHS section, an AHS-controlled section, and a driver-controlled section after
the AHS section. On Wednesday afternoon, the commuter drove or traveled in each section

again, but in the reverse direction.

The morning commute to work and the afternoon return journey were repeated by each of the six
commuters on the next 2 days and, after a 2-day weekend break, on the following Monday.
Driving performance measures were collected from each commuter during the pre-AHS and

post-AHS segments of the journey.
EXPERIMENTAL DESIGN

The six subjects who participated in the current experiment were balanced across age and gender,
but no specific analyses were performed on either age or gender. The three independent vari-
ables that were explored all involved within-subjects comparisons. These variables are discussed

below.
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Pre-AHS vs. Post-AHS Driving Performance

The main focus of this experiment was on differences that might occur in driving performance
measures collected before and after the commuters traveled under automated control. It was
hypothesized that over a period of 4 days, the commuter might adapt to the AHS when his/her
vehicle was under automated control for a large portion of the repeated journey, and that his/her
normal driving performance might be affected. Samples of pre-AHS and post-AHS driving per-
formance data were collected in the sections of driving immediately preceding and following the
period of travel in the automated lane. During the pre-AHS and post-AHS portions of the trial,
the commuter controlled the speed of the vehicle, decided whether to drive in the center or the

right lane, and determined when to change lanes.

Diurnal Effects

An extensive body of research indicates that the efficiency of human performance in many areas
is affected by circadian rhythms.(14) When the time of sampling is restricted to the normal wak-
ing part of the day, diurnal rhythm effects are found.(!9 Monk, Fookson, Moline, and Pollak
have shown that manual dexterity and horizontal scanning are among the areas of performance
where diurnal effects are found.(1®) Since these are behaviors utilized in driving, it is possible
that there might be diurnal effects on driving performance, and that any such effects might be
confounded with the effects on commuters of exposure to the AHS. Because of this, time of day

was treated as an independent variable in the current experiment.

Day-to-Day Effects

Potentially, repeated exposure to the AHS could have an effect on driving performance. Itis
possible that such effects could be cumulative, although any cumulative effects that occur might
be somewhat different when the 2-day weekend break intervenes between the Friday and
Monday journeys. Day-to-day effects were investigated in the current experiment in order to

explore these possibilities.
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EXPERIMENTAL PROCEDURE
Introduction, Training, and Practice Procedure

Before beginning the experiment,' each commuter watched a videotape containing introductory
material describing this research program and the AHS, and had some interactive practice

with the AHS interface and protocol. The commuter was told that the experiment involved
driving the simulator for eight trials over the course of 4 days. The commuter was informed that
this experiment was part of an ongoing FHWA program exploring ways of designing an AHS,
and determining how it might work and how well drivers would handle their vehicles in such a
system. It was made clear that the experiment was a test of the AHS, not a test of the driver.
The video then gave explanations of the subtasks for the experiment—providing details to the
commuter on how to:

« Transfer control of the vehicle to the AHS on entering the automated lane.

 Regain control back from the AHS on leaving the automated lane.

A narration of this training video is presented in appendix 1. The instructional section of the
video lasted 9 min. When the video was presented to the commuters, the soundtrack was played
at a volume that was pre-set to match the volume that would be heard in the simulator vehicle,
and was not adjusted. Prior to presenting the training video, the commuter was asked to pay
particular attention to the automated messages, as they would be exactly what would be heard in

the vehicle. Then, after the training video was complete, he/she was asked:
“Did you have any difficulty hearing any of those messages?”’

This procedure was adopted to ensure that each commuter would be able to hear the messages

when they were presented during the experimental trial.

After the instructional section of the video, the commuter performed a series of practice seg-
ments. The first of these segments contained subtask practice that dealt with transferring control
to the AHS and then transferring control back from the AHS to the commuter. There were three
practice segments for each of these subtasks. If the commuter responded correctly on the first
two segments, the third was omitted. If the commuter did not respond correctly twice in a row
for a particular subtask, the three segments were repeated until he/she was able to accomplish
this. Following the subtask practices, the videos concluded with three more segments that cov-
ered the whole task—as before, if the commuter responded correctly on the first two trials, the

third was omitted, and if more than three trials were required, the segments were repeated.
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Pre-Experimental Simulator Procedure

At the beginning of each of the eight drives, the commuter was taken to the Iowa Driving
Simulator and seated in the driver’s seat of the simulator vehicle. He/she was asked to put on the
seatbelt and adjust the seat and mirrors, and then was given instructions on how to use the
simulator emergency button. The commuter was made aware that the headlights of the vehicle
were already switched on, and that the air conditioner, dome lights, turn signal, and radio were
operational. The commuter was told that if, for any reason, he/she wanted to stop at any time
during the journey, to simply say so and the operator would stop the simulation. Instructions
were then given on how to use the simulator emergency button. An experimenter was present in

the back seat on the passenger’s side of the simulator vehicle throughout all the experimental

sessions.

On the first of the eight sessions, before beginning what would be the regu'ar commute, there
was a practice drive. This allowed the commuter to become familiar with the way that the

simulator car handled by driving the vehicle on an expressway for 5 min.
Pre-AHS Experimental Procedure and Instructions

The commuter completed eight full journeys—traveling “to and from work” on 4 weekdays
(Wednesday, Thursday, Friday, and the following Monday). During each of the eight journeys,
the commuter traveled in the simulator vehicle for about 70.8 km (44 mi). Atthe beginning of
the journey, the venicle was parked on . express ay entrance ramp. The commuter drove the
vehicle into the right lane and then drove in the right and center lanes for approximately 12./ km

(7.9 mi) before receiving instructions from the AHS. The density of the unautomated traffic in

these two lanes was 12.4 v/In/km (20 v/In/m).

The commuter was informed that the left lane was reserved for automated vehicles, and that if

he/she drove into it, the following auditory warning would be heard:

“You’ve entered the left lane. You’re not authorized to be in the left lane. Return to the

center lane immediately.”

After traveling for 12.7 km (7.9 mi) from the start of the trial, in order to prepare for entry into
the AHS, the commuter received one of two auditory messages—one message was given if the

vehicle was in the right lane, the other was given if it was in the center lane. If the vehicle was in

the right lane, the message was as follows:
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“Please move to the center lane and, when you get there, wait for further instructions.”!

Then, as soon as the commuter moved to the center lane, the following message was presented:
“Please remain in the center lane and wait for further instructions.”

If the commuter had not complied with this message within 10 s, it would have been repeated; if
he/she had not complied with the message after three presentations, the following message would

have been presented and the experiment would have been terminated:
“Please pull over to the right shoulder and stop.”

If the commuter was already in the center lane 12.7 km (7.9 mi) from the start of the trial, the

AHS issued the ollowing message:
“Please remain in the center lane and wait for further instructions.”

If the commuter had not complied, and had left the center lane, the following message would

have been presented:
“Please move to the center lane and, when you get there, wait for further instructions.”

If the commuter had not complied with this message within 10 s, it would have been repeated; if
he/she had ..ot complied with the message after three presentations, the following message would

have been presented and the experiment would have been terminated:
“Please pull over to the right shoulder and stop.”

When the commuter’s vehicle was in the center lane, approximately 13.5 km (8.4 mi) from the

start of the trial, the AHS presented the following message:
“To engage the automated system, push the On button now.”

If the commuter complied by pressing the On button on the steering wheel, the following

message was presented auditorily:

1 It should be noted that: (1) a tone preceded each presentation by the AHS of an auditory verbal message, and
(2) whenever an auditory message was presented by the AHS, the vehicle's radio speaker was silenced during the
entire time the message was being presented.
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“Welcome to the Automated Highway System. Your vehicle is now controlled by the

automated system. You will enter the automated lane in a moment.”

If the commuter had not pressed the On button, the message would have been repeated at 5-s
intervals up to two additional times. Throughout the pre-AHS portion of the trial, the simulator

vehicle remained under the control of the commuter.

AHS Experience

As soon as the commuter pressed the On button, the AHS took full control of the simulator vehi-
cle and drove it into the automated lane between two strings of automated vehicles. Once in the
automated lane, the AHS increased the velocity of the vehicle until it caught up to the string

ahezd and became the last v-hicle in that string.

While the vehicle was under automated control, the commuter was allowed to do whatever
he/she wanted to do while remaining in the driver’s seat. If the commuter had taken reading
materials or anything else into the simulator vehicle to occupy his/her time, he/she could have
used them during this section of the journey. A strip map of the route the commuter was travel-
ing was also made available. Copies of the maps used in the morning and afternoon drives are

presented in appendix 2. The vehicle traveled under automated control for approximately

44.7 km (27.7 mi).
Post-AHS Experimental Procedure and Instructions

Approximately 12.7 km (7.9 mi) from the exit at the end of the journey, in order to allow the

commuter to prepare to regain control of the vehicle, the following message was presented:

“you will leave the automated lane in 30 seconds. Once in the center lane, you will be

asked to resume control of your vehicle.”

As it presented this message, the AHS began to reduce the speed of the simulator vehicle. It
continued to control the vehicle, reduced its speed to 88.6 km/h (55 mi/h), and then moved it into

the center lane. Then, the AHS issued the following message:

“To regain control of the vehicle, put your hands on the steering wheel and press the

accelerator or brake pedal.”
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As soon as the commuter pressed the accelerator or the brake pedal while holding the steering

wheel, the AHS relinquished control of the vehicle and issued the following message:
“You now have complete control of your vehicle.”

The commuter was in control of the vehicle for the rest of the journey. As the commuter

approached the end of the drive to work, the following message was presented:

“In 30 seconds you will reach your destination. You should move into the right lane and

leave the freeway at the next exit.”

On hearing this message, the commuter prepared to leave the expressway—moving into the right
lane if in the center lane when the message was issued, or staying in the right lane if already in

it. Then, the commuter drove off the expressway onto the designated exit ramp.
Post-Experimental Procedure

After the first session on Wednesday morning, the commuter returned to the subject preparation
room, where he/she was asked to complete a questionnaire that contained questions dealing with
the driving simulator, the commuter’s experience in the simulator vehicle, and the Automated

Highway System. A copy of the questionnaire is presented in appendix 3.

The commuter also went to the subject preparation room after the last session on Monday after-
.oon. This time, after being asked to complete the questionnaire again, the commuter was de-
briefed.
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SECTION 3. RESULTS

FOCUS OF THE DATA ANALYSIS

The objectives of this experiment were: (1) to determine whether the driving behavior of the
commuter is affected by repeated travel under automated control, (2) to determine whether prior
exposure to the AHS affects the subsequent driving performance of the commuter, (3) to deter-
mine whether the time of day affects the driving behavior of the commuter, and (4) to determine
whether the driving behavior of the commuter varies from day to day. The analyses of these data

focused on the following specific experimental questions:

e Does traveling under automated control for a single, extended period of time have an imme-
diate effect on the commuter’s driving performance?

« Iftraveling under automated control for a single, extended period of tin.e does affect the
commuter’s driving performance, what is the time course of that effect?

e Does repeated travel under automated control for extended periods of time on consecutive
days have an effect on the commuter’s driving performance?

e Does repeated travel under automated control for extended periods of time, when the expo-
sures to the AHS are not on consecutive days, have an effect on the commuter’s driving per-
formance?

o Iftraveling under automated control does affect the commuter’s driving performance in the
period of time that he/she drives after regaining control of his/her vehicle, do the effects per-
sist and reoccir when the commute. drives ag in ( without additional exposure to automated
travel)?

e Is the commuter’s driving performance affected by the time of day—specifically, in the morn-
ing when the commuter drives to work, does his/her driving performance differ from his/her
driving performance in the afternoon when he/she drives home from work?

e Does the commuter’s driving performance vary from day to day?
DRIVING PERFORMANCE MEASURES

In order to answer these questions, driving performance data were obtained from six commuters
as they traveled on a simulated journey to and from work on 4 weekdays spread out over a 6-day
period. Each commuter drove on 3 consecutive days, took a 2-.dy weekend break, and then
drove again on the first day of the next week. Each journey was 70.8 km (44.0 mi) long, lasted
for approximately 45 min, and was divided into th.ee sections (pre-AHS, AHS, and post—AHS).
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In the pre-AHS section, driving performance data were collected from the time that the vehicle
entered the expressway until the time that the AHS issued a message requesting the commuter to
move to, or to stay in, the center lane. The message was issued after the commuter had traveled

12.7 km (7.9 mi)—approximately 8.5 min if the commuter drove at the speed limit throughout

the pre-AHS section.

In the AHS section of the journey, the vehicle traveled 44.7 km (27.7 mi) at 104.7 km/h
(65 mi/h) while it was in the automated lane under the control of the AHS.

Then, in the post-AHS section, driving performance data were collected from the time that com-
plete control of the vehicle had been transferred back to the commuter until he/she reached the

designated exit. The transfer of control began when there were approximately 12.7 km (7.9 mi)
of the journey le”  Since the transfer of control took approxim2tely 60 s, if the commu*=t drove
at the speed lim.. throughout the post-AHS section, he/she would have driven for approximately

7.5 min.

During the pre-AHS and post-AHS sections of the journey, 13 driving measures were collected.

These measures are listed in table 1.

In order to determine the time course of any effects that tréveling under automated control might
have had on drivine performance, the post-AHS section of the journey was divided into seven
1-min segments. Since the commuter actually drove for approximately 7.5 min in the pre-AHS
section of the drive, with this segmentation scheme, approximately 30 s of data were not used.
The segmentation scheme was appropriate for the first six driving measures listed in table 1. The
six measures for which this segmentation was possible were the two lane-keeping measures
(steering instability and steering oscillations) and the four speed-control measures (average ve-

locity, velocity drift, velocity instability, and velocity fluctuations).

Five of the six driving measures for which the segmentation scheme was appropriate were devel-
oped recently. Bloomfield and Carroll suggest that teh driver’s lane-keeping performance can be
described in terms of a linear equation that is the line of best fit for a series of points along the
track of a vehicle.(17) This equation describes the position of a vehicle relative to the center of

the lane at any time. The two lane-keeping measures listed in table 1 are measures of the driver’s
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Table 1. Driving performance measures collected in the pre-AHS and post-AHS sections of the
commuter’s journey to and from work.

Lane-keeping measures

Steering instability!

Number of steering oscillations!

Speed-control measures

Average velocity
Velocity drift!
Velocity instability!
Number of velocity fluctuations!

Following-distance measure

Minimum following distance

Lane-change measures

Percent of time spent in the center lane
Percent of time spent in the right lane
Number of lane changes

Size of gap accepted in each lane change

Incursion measures

Number of incursions

Size of gap rejected in each lane incursion

1 Driving performance measures developed by Bloomfield and Carroll.(17) A brief account describing the de-
velopment of these measures is provided in ‘ppendix 4.

steering ability that are derived from this equation. The steering instability is a measure of the
variability of the track of the vehicle around the line of best fit, while the number of steering
oscillations indicates the number of crossings of the line of best fit per minute (figure 2 illustrates

these concepts).

Bloomfield and Carroll also suggest that the driver’s ability to control the speed of his/her vehi-
cle can be described using another linear equation that is the line of best fit for speed control.(17)
Three of the four speed control measures listed in table 1 are derived from this equation. The

velocity drift can e used to indicate if the driver is increasing or decreasing the speed of the ve-

hicle. Velocity instability is a measure of the variability around the velocity maintenance line of
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Figure 2. Illustrations of: (a) one steering oscillation, (b) three steering oscillations, and (c) two
levels of steering instability.

best fit, and the number of velocity fluctuations is the number of times per minute that the veloc-
ity of the vehicle crosses the velocity maintenance line. Figure 2 above illustrates that velocity
fluctuations are conceptually the same as steering oscillations; instability is functionally the
same for both velocity and steering. [Further details of the derivation of these measures are pre-

sented in appendix 4.]
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Average velocity, the remaining speed-control measure in table 1, will give an overall indication

of the driver’s speed.

The following-distance measure, the four lane-change measures, and the two incursion measures
that are listed in table 1 are self-explanatory. Itis not appropriate to use the segmentation
scheme with the minimum following distance!, the percentage of time spent in the right lane and
in the center lane, the number of lane changes, the size of the gap accepted in each lane change,

the number of lane incursions, and the size of the gap rejected in each lane incursion.

DATA ANALYSIS APPROACH

The experiments conducted in stage I of this program can be characterized as “What if . . . 77 ex-
periments—the type of question askec in them wzs “Which differences are “gnificant?” The
appropriate statistical approach in analyzing the data obtained in those exp.riments was to con-
duct what Tukey calls exploratory data analysis.(18) With this approach, the data are analyzed
with analyses of variance (ANOVA’s) then, any significant effects uncovered by the ANOVA’s
are examined with post hoc tests. As Winer, Brown, and Michels have pointed out, post hoc

tests are used when the statistical tests are related to the structure of the outcome of the initial

ANOVA.(19)

In contrast, the experimental questions asked in the current experiment are far more specific than
those asked in the first stage of the program—the type of question asked here is “Is this differ-
ence significant?” Because of the change in the t; >2 of question asked, i.e., because of the
change from exploratory data analysis to confirmatory data analysis, it is necessary to use a dit-
ferent statistical approach in analyzing the data.(!8) With confirmatory data analysis—which is
conducted by means of a priori, or planned, comparisons—the statistical tests are related to the
structure of the obtained data, rather than to the structure of the outcome.(19 When data are ana-
lyzed using planned comparisons, Keppel argues that as long as the number of comparisons is
kept lower than the number of degrees of freedom associated with the treatment source of vari-
ances, there is no need to modify the error term.(20) However, in this experiment, where the
number of comparisons was sometimes lower and at other times higher than the number of de-
grees of freedom associated with the treatment sources of variance, a more conservative ap-

proach was adopted—the error term was modified to account for the number of comparisons

! The minimum following distance was the smallest distance between the front bumper of the driver’s car and the
back bumper of the vehicle ahead that was maintained for at least 10's. A detailed description of how the
following distance data were collected is presented later in thus report when the analysis of these data is discussed.
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being conducted. The following three a priori tests were used, as appropriate, with the first six

driving performance measures:

e The Dunnett procedure was used to determine the effect on driving performance of exposure
to the AHS.2D)

«  The Tukey Studentized range test, with the Tukey-Kramer modification, was used to deter-
mine whether there were any AHS carryover effects and whether there was a day-to-day ef-
fect.(22-24)

e The Dunn-Bonferroni procedure was used to determine whether there were any diurnal ef-
fects.(25)

In addition, the t-test and the chi-square statistic were used to analyze the data obtained with the
seven driving pc-formance measures for which segmentation was not appropriate, and to analyze

the responses t~ the questionnaire.
AHS EFFECTS

In order to determine whether the driving performance of the commuter was affected by traveling
in the automated lane, the Dunnett procedure was used a priori to answer the following ques-

tions: (21

o Does traveling under automated control for a single, extended period of time have an
immediate effect on the commuter’s driving performance?
o Iftraveling under automated control for a single, extended period of time does affect the

commuter’s driving performance, what is the time course of that effect?

To determine whether traveling under automated control for an extended period of time had an
immediate effect on the commuter’s driving performance, the pre-AHS driving performance
measures obtained during the period when the commuter drove in the morning on Wednesday,
the first day of the experiment, were compared with the driving performance data obtained in the
first 1-min segment of the post-AHS section of the Wednesday morning commute. Then, to de-
termine the time course of such effects, the same pre-AHS driving performance data were com-
pared with the driving performance data obtained in the second, third, fourth, fifth, sixth, and
seventh consecutive 1-min segments of the post-AHS section of the Wednesday morning com-
mute. The results of these comparisons are presented in table 2, and are discussed in the follow-

ing subsections of the report.
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Table 2. Result of using the Dunnett procedure to determine whether traveling under automated
control for an extended period of time had either an immediate or a prolonged effect. [This was
accomplished by comparing driving performance data obtained in the pre-AHS section of the
Wednesday morning journey with similar data obtained in the first, second, third, fourth, fifth,
sixth, and seventh 1-min segments of the post-AHS section of the Wednesday morning

journey.]!
Wednesday a.m. post-
AHS segment
Driving Performance Measure 112(3[4(5]6[7

Steering instability A IEIEIEI A E:

Steering oscillations SR (U R U () O

Average velocity =l =t-1-1-1-

Velocity drift —t=l=1=1-1-1-

Velocity instability

Velocity fluctuations S U N

1 An asterisk indicates that the difference between the a.m. pre-AHS data and the a.m. post-AHS data indicated by
the columns was statistically significant at the p < 0.05 level for the driving measure indicated by the rows.

The Immediate Effect of Traveling Under Automated Control

As the first column of table 2 shows the Dunnett procedure revealed that traveling under auto-
mated control did have a statistically significant immediate effect on three of the driving perfor-
mance measures—steering instability, velocity instability, and velocity fluctuations. These

effects are shown in figures 3, 4, and 5.

Figure 3 shows the immediate effect of traveling in the AHS on steering instability. The com-
muters had an average steering instability of 0.44 m (1.4 ft) during the pre-AHS section of their
first journey on Wednesday morning, before experiencing the automated system. This dropped

to 0.26 m (0.9 ft) in the first post-AHS 1-min period.
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Figure 3. Steering instability for the pre-AHS section and for the first minute of the post-AHS
section of the Wednesday morning journey.
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Figure 4. Velocity instability for the pre-AHS section and for the first minute of the post-AHS
section of the Wednesday morning journey.
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Figure 5. Number of velocity fluctuations per minute for the pre-AHS section and for the first
minute of the post-AHS section of the Wednesday morning journey.

Figure 4 shows a similar effect for velocity instability—it dropped from an average of 5.90 km/h
\5.66 mi/h) for the ore-AHS section of the fiist jorrney on Wednesday morning to 3.94 km/h
(2.44 mi/h) in the first minute after experiencing the AHS.

Finally, as figure 5 shows, the number of velocity fluctuations increased from an average of
2.17 fluctuations per minute in the pre-AHS section of the Wednesday morning journey to

5.33 fluctuations per minute in the first minute after leaving the automated lane.

It should be noted that all three of these changes in performance—the decrease in the steering in-
stability, the decrease in the velocity instability, and the increase in the number of velocity fluc-
tuations—should be considered improvements in driving performance. While it is obvious that
reductions in steering instability and velocity instability will result in smoother driving, it is per-
haps less obvious why the increase in the number of velocity flr~tuations should be considered
an improvement. However, the increase in the number of velocity fluctuations per minute that

occurred in this experiment concurrently with the decrease in velocity instability could happen
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only if the driver was exerting finer control over the speed and making many more small adjust-

meats in speed, i.e., the driver reduced the velocity instability, keeping closer to the line of best

fit by crossing that line more frequently.
The Prolonged Effect of Traveling Under Automated Control

The Dunnett procedure was also used to determine the time course of the effect on driving per-
formance of traveling under automated control for an extended period of time—would the im-
mediate effects be prolonged beyond the first post-AHS 1-min period to the seventh minute?
Driving performance measures collected on Wednesday morning before the commuter experi-
enced the AHS were compared to those same measures collected for the second, third, fourth,
fifth, sixth, and seventh consecutive post-AHS minutes. The immediate effects of traveling un-
der automated control on the two instability measures were found to be prolonged until the sev-
enth minute of te¢ post-AHS section of the journey. The steering instability and the veiocity in-
stability measures were both found to be significantly smaller in all seven 1-min post-AHS peri-

ods compared to the pre-AHS period. These two effects can be seen in figures 6 and 7.

040--

o

.25 ¥

o

.20 +

Steering instability (meters)
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Figure 6. Steering instability for the Wednesday morning journey.
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Figure 7. Velocity instability for the Wednesday morning journey.

Figure 6 shows that the average steering instability in the second, third, fourth, fifth, sixth, and
seventh post-AHS 1-min periods wa: approximately 50 percent lower than it was before the
commuter traveled in the automated lane. Similarly, figure 7 shows that the velocity instability

dropped approximately 60 percent after the commuter had experienced traveling under auto-

mated control.

There was also an indication that the immediate effects of traveling under automated control on
the number of velocity fluctuations might also be prolonged—although the effect was not clear-
cut with this measure. Over the last six 1-min segments of post-AHS driving, the number of
velocity fluctuations was only significantly different from the pre-AHS section of the journey in
one segment (number six). The variation in the number of velocity fluctuations per minute

throughout the post-AHS section of the Wednesday morning journey is shown in figure 8.

The Dunnett procedure was also used to determine whether any of the driving performance mea-
sures that were not immediately affected by the AHS were significantly different in the second,
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Number of velocity fluctuations per minute

Figure 8.

third, fourth, fifth,

Pre-AHS | 2 3 4 5 6 7
Post-AHS time period

Number of velocity fluctuations for the Wednesday morning journey.

sixth, or seventh post-AHS 1-min periods during the Wednesday morning

drive. As can be seen from table 2, no other significant effects of travel in the automated system

on the remaining measures emerged in the remainder of the post-AHS drive.

The Effect of Repeatedly Traveling Under Automated Control

To determine whether the driving performance of the commuter was affected by repeated travel

in the automated lane, the following questions were addressed:

« Does repeated travel under automated control for extended periods of time on consecutive

days have an effect on the commuter’s driving performance?
e Does repeated travel under automated control for extended periods of time, when the expo-

sures to the AHS are not on consecutive days, have an effect on the commuter’s driving per-

formance?

The a priori comparisons that were to be used to determine the answers to these questions were

conditional—they depended cn the results of the tests conducted to see if the commuter’s driving
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performance was affected by the time of day. As will be reported later, the time of day did affect

the driving performance measures.

If no diurnal effects had been found, the effect on driving performance of repeated travel on con-
secutive days would have been tested by comparing the pre-AHS driving performance obtained
on Wednesday morning, before the commuter experienced travel under automated control, with
the post-AHS driving performance obtained on Friday afternoon. In addition, the effect on driv-
ing performance of repeated travel when the exposures were not on consecutive days would have
been tested by comparing the pre-AHS driving performance obtained on Wednesday morning
with the post-AHS driving performance obtained on Monday afternoon. However, since statisti-
cally significant diurnal effects were found, the effect on driving performance of repeated travel
on consecutive and nonconsecutive days was instead explored by comparing the pre-AHS driv-
ing performance obtained on Wednesday morning with the post-AHS drivine performance ob-

tained on Friday and Monday mornings, respectively.

The Dunnett procedure was used to determine whether repeated travel under automated control
had an effect when it was expeiienced on consecutive days—the driving performance measures
collected on Wednesday morning before the commuter had any exposure to the automated sys-
tem were compared to the seven 1-min periods in the post-AHS segment on Friday morning, the
third consecutive day of commuting. And, in order to determine whether repeated travel under
automated control had an effect when the exposures to the AHS were not on consecutive days,
the driving performance measures collected pre-AHS on Wednesday morning were compared to
the seven 1-min periods in the post-AES segment Hn Monday morning. The results of these

comparisons are shown in table 3.

As table 3 shows, the three measures that were affected after the commuter had traveled only
once under automated control for an extended period—steering instability, velocity instability,
and velocity fluctuations—were also affected in the post-AHS section of the journey on both

Friday and Monday mornings. These effects are shown in figures 9, 10, and 11.

The effect on steering instability of repeated exposure to the AHS is illustrated in figure 9. When
the steering instabilities obtained in each of the seven 1-min post-AHS periods of time on Friday
morning, after exposure to the AHS on three consecutive days, i.e., after five consecutive joui-
neys—two each on Wednesday and Thursday, and one pre-AH. on Friday morning—were com-
pared to the first pre-AHS drive on Wednesday, the steering instability was found to have de-
creased by at least 43 percent. When a similar colaparison was made using the data obtained on
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Table 3. Results of using the Dunnett procedure to determine whether repeated travel under
automated control for extended periods of time on consecutive and nonconsecutive days had an
effect. [This was accomplished by comparing driving performance data obtained in the pre-AHS
section of the Wednesday morning journey with similar data obtained in the first, second, third,
fourth, fifth, sixth, and seventh 1-min segments of the post-AHS section of the Friday and

Monday morning journeys.]!

Friday a.m. post-AHSL Monday a.m. post-
segment AHS segment

Driving Performance Measure 112131415671 ]2[3]4 516|7

Steering instability SEEENIEE N N N RN R L B Nl

Steering oscillations ot =1=l=1=1=1-t-1-1-1-1-

Average velocity -1 =-1=-1=-1-1=-0-1-

Velocity drift A=l =t=t=1=1-1-1-1=-1=-1=-1t-1-

Velocity instability

Velocity fluctuations - S -

1 An asterisk indicates that the difference between the Wednesday a.m. pre-AHS data and the Friday and Monday
a.m. post-AHS data indicated by the columns was statistically significant at the p < 0.05 level for the driving

measure indicated by the rows.

Monday morning, after the commuter had been exposed to the AHS on seven occasions, but on

nonconsecutive days, the steering instability was found to have still decreased by at least 40 pe.-

cent.

Similar comparisons were conducted for the velocity instability measure, as figure 10 shows.
The velocity instability decreased by at least 42 percent from the first pre-AHS drive on
Wednesday to the seven post-AHS periods on Friday morning. And it had decreased by at least

47 percent for the seven post-AHS periods on Monday morning.

The change in the number of velocity fluctuations per minute throughout the experiment is
shown in figure 11. As table 3 indicates, the number of velocity fluctuations per minute was
found to be significantly higher on Friday morning during the second, fifth, and sixth minutes of
post-AHS driving, and on Monday morning during the fifth and seventh minutes of post-AHS
driving, than the number obtained during the first pre-AHS section on Wednesday. (Although 1t
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Figure 9. Steering instability for the pre-AHS section of the Wednesday morning journey and
for the post-AHS section of the Friday and Monday morning journeys.
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Figure 10. Velocity instability for the pre-AHS section of the Wednesday morning journey and
for the post-AHS section of the Friday and Monday morning journeys.
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Figure 11. Number of velocity fluctuations per minute for the pre-AHS section of the
Wednesday morning journey and for the first, second, third, fourth, fifth, sixth, and seventh
minutes of the post-AHS section of the Friday and Monday morning journeys.

appears in figure 11 that other differences should also be significant, they, in fact, are not, due to

differences in error terms for the various comparisons.)
The Persistence of the Effect of Traveling Under Automated Control

The specific experimental question related to the persistence of the effects of traveling under au-
tomated control was as follows: If traveling under automated control does affect the commuter’s
driving performance in the period of time that he/she drives after regaining control of his/her

vehicle, do the effects persist and reoccur when the commuter drives again ( without additional

exposure to automated travel)?

As with the comparisons made to determine whether driving performance was affected by re-
peated travel in the automated lane, the a priori comparisons that were to be made to determine

the answer to this question were conditional. In this case, they depended both on whether there
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had been an AHS effect and on whether there were diurnal effects on the commuter’s driving

performance.

If a driving measure was unaffected by travel in the AHS, then an AHS effect could not persist
from one session to the next. On the other hand, for those measures where an AHS effect was

found, it was necessary to determine whether there were also diurnal effects.

If no diurnal effects had been found, the possibility of AHS effects persisting from one session to
the next would have been investigated directly. A series of comparisons would have been made
between the post-AHS driving performance data obtained in the morning and the pre-AHS per-
formance obtained in the afternoon, and between the post-AHS driving performance data ob-
tained in the afternoon and the pre-AHS performance obtained the next morning. However, as

will be reported later, the time of day did affect the driving performance m - ~sures.

Because there were also diurnal effects with the driving performance measures that were affected
by travel in the AHS, the more complex series of comparisons planned for this situation were
carried out. For each of the three driving performance measures that was affected by the AHS,
the difference between its pre-AHS value and its value in each of the seven post-AHS 1-min
segments was computed for every session. Then, the differences between the pre-AHS and post-
AHS values were compared from session to session, using the Tukey Studentized range test, with
the Tukey-Kramer modification.(22-24 If these differences decreased from session to session,
and if the pre-AHS driving performance obtained on the first morning of the experiment was
significantly different from the post-A1;S perforr. nce on the last morning, it could be concluded

that there was an AHS effect that had persisted from one session to the next.

Steering Instability

Steering instability is the first of the three driving measures for which differences were found
when the driver’s initial driving performance data were compared with his/her performance after
traveling in the automated lane. To determine whether this steering instability difference per-
sisted and carried over from one experimental session to the next, the differences between the
pre-AHS and post-AHS values were compared from session to session. The Tukey Studentized
range test, with the Tukey-Kramer modification, was used to make the comparisons. The tests
showed that the differences between the steering instability in tne pre-AHS section and the steer-
ing instability in six of the seven post-AHS 1-min time segments, which were obtained in the

first experimental session on Wednesday, were significantly larger than the differences between
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the pre-AHS section and the same 1-min periods in many of the sessions, particularly those on

Thursday, Friday, and Monday afternoons. These differences can be seen in figure 12.

As was mentioned earlier, and as can be seen in figure 12, after traveling under automated con-
trol for the first time on Wednesday morning, the commuter’s steering instability decreased by
40 percent. This decrease was maintained through the end of the post-AHS section of that

session.

When the commuter drove in the morning the next day (Thursday), the steering instability in the
pre-AHS section was midway between the pre-AHS steering instability levels for the first two
sessions on the first day. In addition, in the post-AHS section of the Thursday morning session,
the instability level dropped to the same post-AHS steering instability level that was obtained on
the first day. Tt=n on Thursday afternoon, in the pre-AHS section at the start of the fonrth ses-
sion, the instabiiy level was as low as it was in the pre-AHS section at the start of the second

session on the first day.

Figure 12 shows that the pattern of steering instability scores that was obtained during the
morning and afternoon sessions on Thursday—described above—was very similar to the patterns
obtained on Friday and Monday. On both the latter days, at the start of the morning session, the
pre-AHS steering instability level was midway between the pre-AHS levels of the first two ses-
sions on the first day of the experiment; it then dropped again and stayed at the lower level for
the pre-AHS section at the beginning of the afternoon session. [No statistical tests were run to
confirm: these patterns. No parametric statistical tests to examine whether distributions are sig-

nificantly alike are available.]

The lowered steering instability levels that were obtained in the pre-AHS section of the afternoon
sessions on all 4 days indicate that this effect of traveling under automated control did, in fact,
persist from the morning to the afternoon. Similarly, the steering instability levels found in the
pre-AHS section of the morning sessions on the last 3 days of the experiment indicate—when
they are compared to the pre-AHS steering instability level obtained on the first day of the exper-
iment—that this effect of traveling under automated control also persisted overnight from the
afternoon session to the morning session on the next day. However, it should be noted that the
extent to which this effect persisted overnight was not as pronounced as the extent to which it

persisted 1rrom morning to afternoon.
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There are two other observations that are worthy of note in figure 12. First, in addition to
demonstrating the effect of traveling under automated control, the figure also shows the nature of
the diurnal effect on steering instability. This diurnal effect occurs primarily in the pre-AHS
section of the sessions—the steering instability level was consistently higher in the pre-AHS
section of the morning sessions than it was in the pre-AHS section of the afternoon sessions.
Second, the reduction in the steering instability that occurred in each session after the driver had
traveled in the automated lane did not change from one session to the next. There were essen-
tially no further reductions in any of the remaining seven sessions that were below the level to
which the steering instability dropped in the post-AHS section of the first session of the experi-

ment.

Velocity Instability

Velocity instability was the second driving measure for which differences were found when the
driver’s initial driving performance data were compared with his/her performance after traveling
in the automated lane. As with steering instability, in order to determine whether the velocity in-
stability difference persisted from one experimental session to the next, the differences between
the pre-AHS and post-AHS values were compared from session to session. As before, the Tukey
Studentized range test, with the Tukey-Kramer modification, was used to make the comparison.
The test indicated that there was one statistically significant difference: The difference between
the velocity instability during the pre-AHS section of the first session and the seventh

1-min segment of the post-AHS section of the first session was significantly greater than the
aifference between the velocity instability during the pre-AHS section of the second session and
the seventh 1-min segment of the post-AHS section of the second session. This difference can be
seen in figure 13, which plots the mean velocity instability of the commuters in the pre-AHS

section and in each of the seven 1-min segments of the post-AHS section of all eight sessions.

As with the pattern of steering instability scores (shown in figure 12), the pattern of velocity
instability scores throughout the eight sessions that is shown in figure 13 suggests that the AHS
effect did persist from the end of one session to the beginning of the next. A similar pattern of
scores was obtained during the morning and afternoon sessions on Thursday, Friday, and Mon-
day. On each of the 3 days, at the start of the morning session, the pre-AHS velocity instability
was approximately 80 percent of that in the Wednesday morning pre-AHS section, before the
commuter had experienced automated travel. At the start of the afternoon session, the pre-AHS
velocity instability level was approximately 60 percent of the Wednesday morning pre-AHS

level. [As with the steering instability data, no statistical tests were run to confirm the pattern of
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velocity instability scores—in part because no parametric statistical tests to examine whether

distributions are significantly alike have been developed.]

Like figure 12, figure 13 shows the nature of the diurnal effect on velocity instability of traveling
under automated control. Once again, the diurnal effect occurs primarily in the pre-AHS section
of the sessions—the steering instability level was higher in the pre-AHS section of the morning

sessions than it was in the pre-AHS section of the afternoon sessions.

Velocity Fluctuations

The third driving measure for which differences were found when the driver’s initial driving per-
formance data were compared with his/her post-AHS performance after traveling in the auto-
mated lane was th= number of velocity fluctuations. As with the other two measures, in ordcr to
determine wheth~r the difference in the number of velocity fluctuations persisted from one ex-
perimental session to the next, the differences between the pre-AHS and post-AHS numbers were
compared from session to session. Once again, the Tukey Studentized range test, with the
Tukey-Kramer modification, was used to make the comparison. Statistically significant differ-
ences were found for only the seventh 1-min segment of the post-AHS time period. The differ-
ence between the number of velocity fluctuations during the pre-AHS section of the seventh ses-
sion and the seventh 1-min segment of the post-AHS section of the seventh session was signifi-
cantly greater than the differences between the velocity fluctuations during the pre-AHS section
of the second, third, and eighth sessions, and the seventh 1-min segment of the post-AHS section
of the second, third, and eighth sessions, respectively. These differences are shown in figure 14,
which presents a plot of the mean number of velocity fluctuations in the pre-AHS section and

each of the seven 1-min segments of the post-AHS section of all eight sessions.

In contrast to figures 12 and 13, which suggest that the AHS effects on steering instability and
velocity instability persist from one session to the next, the picture provided by figure 14 is less
clear—there is less similarity in the patterns of scores on the second, third, and fourth days than
there was for the two sets of instability scores. However, there are some indications that the
AHS effect may persist from one session to the next—in particular, there were increases in the
number of velocity fluctuations in the pre-AHS section of the Wednesday afternoon, Thursday
morning, and Thursday afternoon sessions as compared to the number of fluctuations in the pre-
AHS section of the Wednesday morning session; and chere were increases .a the number of
fluctuations in the pre-AHS section on Monday afternoon as compared to the Monday morning

session.
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DIURNAL EFFECTS

Manual dexterity and horizontal scanning are among the areas of performance where diurnal
effects are found.(16) Since these are behaviors that may be utilized in driving, it was possible
that there might be diurnal effects on driving performance that could be confounded with the
effects of exposure to the AHS on commuters. A series of analyses was performed in order to
discern whether or not there was a difference in the morning and afternoon driving performances
of the six subjects so that possible confounding effects could be eliminated. If no diurnal effects
were found, then the comparison exploring the effects of traveling in the AHS could have been
made between the morning session on the first day of the experiment and the final afternoon
session. On the other hand, if diurnal effects were found, this comparison could only have been

made between the morning sessions on the first and last days.

To determine whether the commuter’s driving performance was affected by the time of day, data
obtained in the morning and afternoon sessions on Friday and Monday were compared. Data
from Wednesday and Thursday—the first two days on which the experiment was conducted—
were not used in these comparisons. For those driving measures that were affected by travel in
the automated lane, it was thought that the initial effect of experiencing the AHS might, because
of its novelty, have been large enough to overwhelm what was a real, but relatively small, diurnal
effect. Comparisons were made between the driving performance measures obtained in the
morning and afternoon sessions on both Friday and Monday. The Dunn-Bonferroni procedure
was used to make these pairwise comparisons of the data collected in the pre-AHS sections of the

journey and in the seven 1-min post-AHS time periods.(25)

Several of the differences between the data obtained in the morning and afternoon were found to
be statistically significant (p < 0.05). Some of these differences had an impact on the analysis of
the effects of traveling in the AHS. Specifically, on Friday, there was a significant difference in
the number of steering oscillations that occurred in the morning and afternoon sessions during
the fourth post-AHS time period—the mean number of oscillations was 12.6 per minute in the
morning and 11.1 per minute in the afternoon. There was also a significant difference in the
velocity instability obtained in the morning and afternoon for the seventh post-AHS time
period—the mean instability was 2.4 km/h (1.5 mi/h) for the morning drive and 1.5 km/h

(0.9 mi/h) for the afternoon drive. The third significant difference for the Friday data was for the
velocity drift obtained in the morning and afternoon sessions for the first post-AHS time
period—the means were -0.00015 m/m (-0.00015 ft/ft) for the morning and 0.00084 m/m
(0.00084 ft/ft) in the afternoon. Also on Friday, differences were found, using the chi-square
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test, for one of the driving measures that could not be segmented. When the number of lane
changes was totaled over the complete post-AHS drive, significantly fewer lane changes
(X2(1) =4, p < 0.05) were found in the post-AHS morning section of the journey than were

found in the afternoon; there were 12 and 24 lane changes, respectively.

There were three significant differences in the driving performance data obtained on Monday as
well. The steering instability that occurred in the pre-AHS section in the morning was greater
than the instability that was found in the afternoon; the mean steering instabilities were 0.33m
(1.1 ft) and 0.23 m (0.8 ft), respectively. There were significantly fewer velocity fluctuations in
the pre-AHS section in the morning than there were in the afternoon—there were 1.59 and

3.16 fluctuations per minute, respectively. Finally, one post-AHS diurnal difference was found
on Monday. There was a statistically significant difference in average velocity obtained in the
morning and the afternoon sessions in the fourth post-AHS time period; the means were

88.2 km/h (54.8 mi/h) and 84.0 km/h (52.1 mi/h), respectively.

As already mentioned, because driving behavior was affected by the time of day, changes were
made in the way that the effects of the AHS were analyzed.

\

DAY-TO-DAY EFFECTS

Possible day-to-day effects were analyzed using the Tukey Studentized range test, with the
Tukey-Kramer modification.(22-24) Comparisons were made of the driving performance data that
were obtained in iixe pre-AHS section ¢ the drive nd for each of the seven post-AHS time

periods across all four morning and afternoon sessions.

Only two significant effects were found when the morning data were analyzed. There was a dif-
ference in the number of steering oscillations that occurred in the sixth post-AHS time period—
specifically, there were more oscillations on Thursday (14.2 oscillations per minute) than there
were on each of the other days [Wednesday (11.0 oscillations), Friday (10.6 oscillations), and
Monday (10.3 oscillations)]. There were also significantly more oscillations in the seventh post-
AHS time period on Wednesday (14.6 oscillations per minute) than there were on Monday

(8.7 oscillations per minute).
One of the five significant differences that were found in the ai.crnoon also involved steering

oscillations—there were more steering oscillations during the seventh post-AHS time period on
Wednesday (14.3 per minute) than there were on cither Thursday (8.2 per minute) or Monday
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(9.2 per minute). The average velocity also differed significantly during the seventh post-AHS
time period for Wednesday and Thursday; the velocities were 87.9 km/h (54.6 mi/h) and
82.7 km/h (51.4 mi/h), respectively.

The remaining three differences that were found in the afternoon all involved velocity instability.
Velocity instability was larger in the first post-AHS time period on Wednesday than it was on
Friday—the means were 3.8 km/h (2.4 mi/h) and 2.4 km/h (1.5 mi/h), respectively. The velocity
instability also differed significantly during the seventh post-AHS time period; it was higher, at
3.1 km/h (1.9 mi/h), on Wednesday than on Friday or Monday, when it was 1.5 km/h (0.9 mi/h)
and 1.7 km/h (1.0 mi/h), respectively. Finally, for the fourth post-AHS time period, the velocity
instability was significantly higher, at 2.0 km/h (1.2 mi/h), on Friday than it was on either Thurs-
day, when it was 1.0 km/h (0.62 mi/h), or Monday, when it was 1.2 km/h (0.7 mi/h).

Differences wet. also found for the number of lane changes—one of the driving measures that
was not segmented. When the number of lane changes was totaled over the complete post-AHS
drive in the afternoon, and the chi-square test was used, a statistically significant effect was
found (X2(3) =17.1, p < 0.05). The lane changes made in the post-AHS sections of the after-
noon sessions on Wednesday, Thursday, Friday, and Monday numbered 9, 4, 24, and 15, respec-
tively. Because of the nature of the chi-square test, all that can be added about these data is that
it is clear that the number of lane changes made in the post-AHS section of the Thursday after-
noon session was significantly smaller than the number made in the post-AHS section of the Fri-

day afternoon session.
MINIMUM FOLLOWING DISTANCE

The minimum following distance? was determined for the whole of the post-AHS section in each

session, rather than for each of the seven 1-min segments into which that section was divided for

2 In order to determine the minimum following distance for each driver, the following procedure was used. First,
throughout the two data collection time periods, the gap between the front bumper of the driver’s car and the back
bumper of the vehicle ahead was recorded 30 times per second. Second, if the driver changed lanes, the data ob-
tained during the lane change were eliminated from consideration. Third, whenever the gap between the driver’s
vehicle and the vehicle ahead exceeded 440 m (1443 ft), the data were eliminated from consideration. Fourth, if af-
ter a break in the data the gap increased continuously, the lowest point was ignored (if the gap was continuously in-
creasing, this may have been because the driver was uncomfortable with the gap and had reduced speed to increase
it). Fifth, if before a break in the data the gap decreased continuously, the lowest point was also ignored (if the gap
was continuously decreasing, this may have been because the gap was still larger than the minimum following dis-
tance that was acceptable to the driver). Sixth, the lowest point was selected. Seventh, it was determined whether
there were gap data for at least 10 s around the lowest point—if there were less than 10 s of data, they were dis-
carded. Eighth, the gap data acquired in any period that was 10 s or more were examined—if during this 10-s period
the gap exceeded the lowest point by 133 percent, the data were discarded (this is because the lowest point may have
occurred because another vehicle moved into the lane ahead of the driver, leaving a gap that was smaller than was
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the analysis of the lane-keeping and speed-control measures. Then, using an ANOVA, the mini-
mum following distances for the pre-AHS section of the first session on Wednesday morning
were compared with the minimum following distances obtained in the post-AHS section of the
first session on Wednesday morning, Friday morning, and Monday morning. No significant dif-

ferences were found for any of these comparisons.

This result differs from that obtained by Bloomfield, Levitan, Grant, Brown, and Hankey.(8)
They found that the mean minimum following distance decreased after the driver had traveled
under automated control—from 25.5 m (83.7 ft) to 19.7 m (64.4 ft). Since the vehicles were
traveling at approximately 88.6 km/h (55 mi/h), the distance decreased from 1.01st00.8s. A
total of 36 drivers traveled under automated control in the Bloomfield et al. experiment—only
6 drivers participated in the present experiment, and the variability among them, combined with
the relatively small sample <i7e, may have prevented a similar effect from emerging from the
analysis. To examine this possibility further, the sign test was used to conduct a pairwise com-
parison between the minimum following distances in the pre-AHS section and in the post-AHS
section of all eight sessions for all six drivers. The test showed that the minimum following
distance for the post-AHS section was shorter than the pre-AHS minimum following distance
more often than it was longer (p = 0.0239)—indicating that after traveling under automated
control, there may have been a tendency for the commuters to drive closer to the vehicle ahead

than they had in the pre-AHS section of the sessions.

There were insufficient data to determine whether there were diurnal or day-to-day effects on the

minimum following distance.
LANE-CHANGE GAP ACCEPTANCE

There were enough lane-change data to make it possible to determine the smallest gaps that the
commuters were willing to accept when they changed lanes. As they were driving along the ex-
pressway during the 16 data collection periods (pre-AHS and post-AHS data were obtained in the
morning and afternoon sessions for 4 days), the commuters changed lanes periodically. Every
time a lane change was completed, the distance between the back bumper of the vehicle ahead
and the front bumper of the vehicle behind in the adjacent lane was recorded. During the 16 data
collection periods, 197 lane changes were recorded. The distribution of the lane changes is

shown in table 4. There were no significant differences among the number of lane changes based

acceptable to the driver who, as a result, reduced speed to increase the gap). Ninth, if the data met all the criteria
listed above, the lowest point was reported as the minimum following distance for the driver.
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Table 4. Number of lane changes per segment.

Pre-AHS Post-AHS
Wednesday | a.m. 16 8
p.m. 9 9
Thursday a.m. 18 12
p.m. 12 4
Friday a.m. 12 12
p.m. 13 24
Monday a.m. 12 11
p.m. 10 15

upon any of the a priori comparisons related to exposure to the AHS. However, significant

diurnal and day-to-day effects were found (they have been described above).

The gaps that occurred in the pre-AHS and post-AHS sections of the drives were arranged in
ascending order. Then, all gaps that were less than 350 m (1148 ft) were plotted in figures 15
and 16—350 m (1148 ft) was an arbitrary cut-off, equivalent to a 14-s gap for vehicles traveling
at the 88.6-km/h (55-mi/h) speed limit.

Figures 15 and 16 show that a number of smaller gaps are clustered between 40 m (131 ft) and
60 m (197 ft). After this cluster, the shape of the functions appears to change—in figure 16,
there is a break in the data at this point, after which most of the remaining gaps are greater than
100 m (328 ft). In this experiment, the commuters drove at speeds close to 88.6 km/h (55 mi/h)
in both the pre-AHS and post-AHS data collection periods. For a driver traveling at 88.6 km/h
(55 mi/h), a gap of 100 m (328 ft) is a 4.1-s gap. It is likely that the gaps of 100 m (328 ft) were
much bigger than the minimum gap that would have been acceptable to the driver—and it is clear
that many lane changes occurred when the gap was much larger than the minimum acceptable
gap. However, the gaps clustered between 40 m (131 ft) and 60 m (197 ft)—which are gaps of
1.6 s and 2.4 s, respectively, for a driver traveling at 88.6 km/h (55 mi/h)—may have been close
to the minimum acceptable gap. Bloomfield, Levitan, Grant, Brown, and Hankey obtained simi-
lar results when considering the gaps accepted by drivers making lane changes.® As can be

seen from figures 15 and 16, there are almost no lane changes with gaps smaller than 40 m
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Figure 15. Scatterplot showing gaps shorter than 350 m (1148 ft) that were accepted when ane
changes were made while the commuter was driving in the pre-AHS section of the sessions.

(131 ft). There is no indication that there is a difference in minimum gap acceptance before and

after the commuter traveled under automated control.
INCURSIONS

Lane incursions can also provide useful information about the minimum acceptable gap for
changing lanes. During the data collection periods in this experiment, there were a number of
lane incursions, i.e., occasions when the driver began to change lanes, but, for some reason, did

not complete the maneuver, and instead returned to the lane from which he/she started. When an
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Figure 16. Scatterplot showing gaps shorter than 350 m (1148 ft) that were accepted when lane

changes were made while the commuter was driving in the post-AHS section of the sessions.

incursion occurred, the distance between the back bumper of the vehicle ahead and the front
bumper of the vehicle behind in the adjacent lane was recorded. There were 79 incursions during
the 16 data collection periods (pre-AHS and post-AHS data were obtained in the morning and af-
ternoon sessions for 4 days). The distribution of the incursions 1s reported in table 5. Due to the

relatively low numbers of incursions in many of the cells, no statistics were run on the data.

The incursion gaps that occurred in the pre-AHS and post-AHS sections of the drives were ar-
ranged in ascending order. Then, all those gaps that were less than 350 m (1148 ft) were plotted

in figures 17 and 18. Inspection of figures 17 and 18 reveals that the incursion-gap function is
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Table 5. Number of incursions per segment.

Pre-AHS Post-AHS
Wednesday | a.m. 9 11
p.m. 2 3
Thursday a.m. 8 3
p.m. 7 3
Friday a.m. 9 6
p.m. 4 2
Monday a.m. 4 3
p.m. 1 4

similar to that seen for the lane-change gaps in figures 15 and 16. There is a cluster of incursion
gaps between 50 m (164 ft) and 60 m (197 ft), then there is a break in the function similar to that
seen in figure 16, with most of the remaining gaps being longer than 100 m (328 ft).

The 50-m (164-ft) to 60-m (197-ft) region within which the incursion gaps cluster is similar to
the region shown in figures 15 and 16 within which the smallest lane-change gaps cluster. Since
the incursion gaps in this region were large enough for the driver to begin a lane-change maneu-
ver, but then, on consideratior;, even as the maneuver was in progress, were judged to be too
small, they are probably close in size to the minimum acceptable gap. However, when there
were lane incursions with rejected gaps longer than 100 m (328 ft), it is likely that the driver
abandoned the lane change for some other reason—one not connected with the size of the gap.
Bloomfield, Levitan, Grant, Brown, and Hankey obtained similar results when considering the

gaps rejected by drivers when lane incursions occurred.®

There were no rejected gaps shorter than 50 m (164 ft) in the pre-AHS section of the sessions (as
can be seen in figure 17). There were, however, five incursions that were shorter than this in the
post-AHS section of the sessions (see figure 18)—this provides no more than a hint that there
may be an AHS effect, given that only five of these relatively small incursions occurred in

336 min (there were eight 7-min post-AHS sessions for each of the six drivers).
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Figure 17. Scatterplot showing gaps shorter than 350 m (1148 ft) that were rejected when lane
incursions occurred while the commuter was driving in the pre-AHS section of the sessions.
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Figure 18. Scattcrplot showing gaps -.2orter thar 350 m (1148 it) that were rejected when lane
incursions occurred while the commuter was driving in the post-AHS section of the sessins.

ACCEPTED VERSUS REJECTED GAPS

Since the functions obtained for lane-change gaps and incursion gaps are very similar, it is rea-
sonable to ask if, and how, they might be related, e.g., do the drivers who have the shortest lane-
change gaps also have the shortest incursion gaps? Alternatively, do the drivers who have the

shortest lane-change gaps also have very few incursions?
In order to explore the relationship between lane-change and incursion gaps, the smallest gap that

each driver drove into when making a lane change was compared with the smallest incursion gap

that he/she rejected. Pairs of values were found for each commuter in each of the eight
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sessions—for the purposes of this comparison, the pre-AHS and post-AHS data were combined
within each session. If the commuter did not have both an incursion and a lane change during a
session, no data were used for that commuter for that session. Figure 19 shows a plot of the
minimum lane-change gaps accepted by each commuter in each session plotted in ascending or-
der—the figure also shows the minimum rejected incursion that is associated with each minimum
lane-change gap for each commuter in each session. Figure 20 reverses figure 19 by presenting a
plot of the minimum rejected incursion gaps plotted in ascending order, with the minimum ac-

cepted lane-change gap for that commuter also shown.

As can be seen from figures 19 and 20, there does not appear to be a straightforward correlation
between the gaps that the commuters accepted and the gaps that they rejected—suggesting that

the drivers who have the smallest lane-change gaps do not have the smallest incursion gaps.
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Figure 19. Scatterplot showing the minimum accepted lane-change gaps and the associated
minimum rejected incursion gaps.
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Figure 20. Scatterplot showing the minimum rejected incursion gaps and the associated
minimum accepted lane-change gaps.

The alternative suggestion made at the beginning of this section—that the drivers who have the

smallest lane-change gaps may have very few incursions—was also examined. The correlation

between these two variables was not statistically significant.’

It should be noted that when the minimum gaps for each commuter in each session are obtained,
they are clustered in the region between 40 m (131 ft) and 60 m (197 ft) for both accepted and
rejected gaps. Drivers are equally as likely to reject a gap in this region as they are to accept it.
This indicates that the minimum gap acceptable for a lane change is in this region. At the

88.6-km/h (55-mi/h) speed at which the commuters traveled, the midpoint of this range (50 m) is

equivalent to a 2.0-s gap.

3 There were relatively few incursions for each driver. It should be pointed out that because of their scarcity, this
experiment probably did not provide an adequate test of the hypothesized relationship—the driving periods would
have had to have been considerably longer for the test to be adequate.
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DRIVER ACCEPTANCE OF THE AHS

In addition to exploring how the commuter’s driving performance changed as a result of travel-
ing under automated control, it was also possible to obtain information related to how the com-
muter’s trust in the AHS changed over the course of the experiment. The length of time that the
commuter waited before removing both hands from the steering wheel after pressing the button
to engage the automated system was determined by video analysis. The average time that the |
commuter waited after engaging the AHS before removing both hands from the wheel is depicted
in figure 21. It is evident from this figure that the more often commuters used the automated
system, the less time they waited before removing their hands from the wheel, and the more it

might be inferred that the commuter came to trust the AHS to take control of the vehicle.
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Figure 21. Average time after the AHS was engaged that the commuter waited before removing
both hands from the steering wheel.
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THE QUESTIONNAIRE

The questionnaire developed for this experiment was presented to the commuter on two occa-
sions—the first was immediately after the initial session on Wednesday morning, the second was
after the final session on Monday afternoon. The questionnaire was identical on both occasions.
A copy of the questionnaire is presented in appendix 3. A scale ranging from O to 100, with
negatively and positively worded anchors at the ends, was provided for each question. The
commuters were asked to rate their responses as whole numbers between 0 and 100. A space
was provided next to the question and scale. Two dichotomous questions (numbers 11 and 25)

asked the drivers to check a box indicating either yes or no. These items were scored as zero for

no and one for yes.

Simulator Realism

The first six questions of the questionnaire were presented in order to gather the commuter’s
opinion on the realism of the lowa Driving Simulator. The average responses ranged from 68.3
to 95.0, indicating that drivers had positive attitudes toward the simulator. The responses ob-
tained after the first and last sessions were compared using the t-test—the test failed to show any
statistically significant differences for these six questions. The average response made to each
question after the first and last sessions is reported in table 6 below. The responses indicate that
drivers enjoyed driving in the simulator a lot (question 1), felt that the simulator was similar to
driving their own car (question 2), and found the view out of the windshield to be realistic
(question 3). Alsc, the drivers consider~d the soui s in the simulator to be moderately realistic

Tr

(question 4), felt that the vehicle motion was realistic (question 5), and felt very well while v

ing the simulator (question 6).
Designated AHS Velocity and Intra-String Gap

Questions 7 and 8 (table 7) dealt with the designated AHS velocity and the intra-string gap, 1.€.,
the gap between the commuter’s vehicle and the vehicle ahead when they were both part of a
string of automated vehicles. The t-test comparisons conducted to determine if the mean re-
sponses from the first session and last session were statistically different yielded no significant
results. The responses for question 7 indicate that the commuters would have preferred a faster
speed. The responses for question 8 show that the commuters v. ould have preferred a longer in-

tra-string gap when under automated control.
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Table 6. Simulator realism.

First Last
Session | Session
Question L Mean Mean |
1. How much did you enjoy driving the simulator?
0. Notatall
100. A lot 89.2 95.0
2. How did driving in the simulator compare to driving in
your car?
0. Very different
100. Very similar 75.8 76.7
3. How realistic was the view out of the windshield in the
simulator?
0. Very artificial
100.  Very realistic 78.3 8-.)
4. How realistic were the sounds in the simulator?
0. Very artificial
100. Very realistic 68.3 74.2
S. How realistic was the vehicle motion in the simulator?
0. Very artificial
100. Very realistic 71.7 74.2
6. While driving the simulator, how did you feel?
0. Did not feel well
100.  Felt fine 94.2 95.0
Table 7. Designated AHS velocity and intra-string gap.
First Last
Session | Session
| Question Mean Mean
7. In this study, when your car was under automatic control,
how did you feel about the speed at which you traveled?
0. Would have preferred to go much slower
100. Would have preferred to go much faster 80.8 66.7
8. Tn this study, when your car was under automatic control,
how did you feel about the separation distance between
you and the car ahead?
0. Would have preferred a much longer separation
100. Would have preferred a much shorter separation 30.0 44.2
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AHS Messages

Question 9 dealt with the clarity of the AHS messages that were presented during this experi-
ment. As table 8 shows, the average response after both sessions was 100, indicating that the

AHS messages were very easy to understand.

Table 8. AHS messages.

First Last
Session | Session
| Question Mean Mean
9. How understandable was the message saying that you
should take control of your car?
0. Very hard to understand
100. Very easy to understand 100.0 100.0

The Transfer of Control From AHS to Driver

Questions 10 through 13 determined the drivers’ attitudes about the transfer of control from the
automated system to the driver—their responses are presented in table 9. The responses to
question 10 indicate that drivers found the transfer method with which they regained control of
steering and speed at the same time to be very good. The mean response to question 11, which
was scored either zero or one, indicates that one of the six drivers would have preferred to have
regained control of the car in some other way. Each driver responded identically both times tha*
the questionnaire was completed. The average response to question 12 indicates that drivers feu
that they had excellent control of their cars immediately after leaving the automated lane. The
responses obtained for question 13 show that the commuters felt that their driving performance at
the end of the post-AHS section of the drive was the same as their driving performance immedi-

ately after they regained control of the vehicle.

Attitude Toward AHS

The responses to questions 14 through 20, which dealt with the drivers’ attitudes toward the
AHS, are presented in table 10. The t-test comparisons found no significant differences between
the first and last driving sessions for these questions. The responses indicate that drivers pre-
ferred the automated lane to the manual lanes (question 14) and unanimously found the manual

lanes to be more challenging than the automated lane (question 15). The responses to
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Table 9. Transfer of control from AHS to driver.

Question

10.

First
Session

Last
Session

Mean

Mean

When you were given back control of the car after the
period of automated travel, you took control of speed and
steering at the same time. How did you feel about getting
control back in this way?

0. This way was very bad
100. This way was very good

96.7

93.3

11.

Would you have preferred to have been given control of
the car back in some other way?

0. No

1. Yes

0.17

0.17

12.

How would you describe the manner in which you
controlled your car immediately after leaving the
automated lane?

0. Very uncontrolled
100. Very controlled

88.3

73.3

13.

After leaving the automated lane, you drove for about 10
minutes. How was your driving at the end of the 10
minutes compared to the beginning?

0. Driving at the end was very different from driving
at the beginning
Driving at the end was the same as driving at the
beginning

100.

71.7

86.7

Table 10. Attitude toward the AHS.

Question

First
Session
Mean

Last
Session
Mean

14. Which lane did you prefer to be in?
0. Strongly preferred manual lane

100.  Strongly preferred automated lane

73.3

78.3

15. Which lane was it more challenging to be in?
0. More challenging in the manual lanes

100. More challenging in the automated lane

0.0

0.0

16.  How would you feel if an Automated Highway
System were installed on I-380 between lowa City
and Waterloo?

0. Very unenthusiastic

100. Very enthusiastic

91.7

75.0
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Table 10. Attitude toward the AHS (continued).

First Last
Session | Session
Question Mean Mean

17.  If an Automated Highway System were installed
on 1-380, what lane would you prefer driving in? -
0. Would strongly prefer manual lanes
100. Would strongly prefer automated lane 90.0 83.3
18, If an Automated Highway System were installed
on I-380, how would you feel about your safety?
0. Would feel much safer without an
Automated Highway System
100. Would feel much safer with an Automated
Highway System 79.2 74.2
19.  How would the installation of an Automated
Highway System affect the stress of driving?
0. Would greatly decrease stress -
100. Would greatly increase strecs 16.7 25.8
20. How much would you like to be told as to why the
Automated Highway System is doing things with
your vehicle such as accelerating, lane changing,

and so on?
0. Notatall
100. Alot 63.3 51.7

question 16 indicate that drivers would feel very enthusiastic about an AHS if it were installed on
a nearby interstate. The responses to question 17 show that drivers would strongly prefer the au-
tomated lane if this automated system were installed nearby. The commuters indicated that they
would feel safer with an AHS than without one (question 18). They felt that the installation of an
AHS would greatly decrease the stress of driving (question 19). The responses to question 20

show that drivers felt rather neutral about being informed why the AHS was making adjustments

to their vehicles’ speeds or changing lanes.

Cruise Control

Questions 25 and 26 dealt with cruise control. The responses to these questions are presented in
table 11. Statistical analysis using t-tests between responses from the first and last sessions
yielded no statistically significant results. The average responses indicate that five of the six

drivers had cruise control in their vehicles and that they used it frequently.
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Table 11. Cruise control.

First Last
Session | Session
Question Mean Mean
25. Does your vehicle have cruise control?
0. No
1. Yes 0.83 0.83
26.  How often do you use the cruise control on your vehicle?
0. Hardly ever
100. Almost always 74.0 71.0

58




SECTION 4. DISCUSSION

The objectives of this experiment were: to determine whether the driving behavior of the com-
muter is affected by repeated travel under automated control, to determine whether prior expo-
sure to the AHS affects the subsequent driving performance of the commuter, to determine
whether the time of day affects the driving behavior of the commuter, and to determine whether
the driving behavior of the commuter varies from day to day. It examined the effect of commut-
ing via the AHS, determining the effect of repeatedly traveling for extended periods under auto-
mated control to and from the same destination at the same times of day. Each of six commuters
traveled to work in the morning and then returned in the afternoon on three consecutive days—
Wednesday, Thursday, and Friday. Then, on the Monday following the 2-day weekend break,
the commuter again traveled to and from work. Each journey was divided into three sections: 1n
the first, the commuter controlled the simulator vehicle, driving for approximately 13.5 km

(8.4 mi); in the second secticn, the vehicle traveled under the control of the AHS for approxi-
mately 44.7 km (27.7 mi); while in the third section, the commuter again controlled the vehicle,
driving approximately 12.7 km (7.9 mi). During the time that the commuter’s vehicle was in the
automated lane, it traveled at a velocity of 104.7 km/h (65 mi/h)—16.1 km/h (10 mi/h) faster
than the speed limit in the unautomated lanes. Also in this period, the gap between the com-
muter’s car and the vehicle immediately ahead in the string of automated vehicles was 0.0625 s,
which is much smaller than the following distance typically chosen by drivers under normal driv-
ing conditions. Driving performance data were collected before and after the commuter’s vehicle
had traveled under automated control. These data were compared in order to determine whether

the experience of commuting via the AHS affected normal driving behavior.

AHS EFFECTS

When the pre-AHS and post-AHS driving performance data obtained in this experiment were
compared, differences were found for only three measures—the steering instability, the velocity
instability, and the number of velocity fluctuations per minute. Pre- vs. post-AHS differences in
steering instability, velocity instability, and the number of velocity fluctuations were observed
during the first 1-min segment of the post-AHS section of the sessions—showing that they were
immediate AHS effects. The fact that the effects were found throughout the remaining 7 min of
the post-AHS sections of the drive shows that they were also prolonged effects. The effects of
the AHS on these three variables were also observed on the third day of the experiment, after the
commufer had been exposed to the AHS five times, and on the fourth day of the experiment,

after the commuter had experienced automated travel seven times. In addition, there were clear
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indications that the effect of the AHS on steering instability and velocity instability persisted
from one session to the next; there was also some indication—although this was less clear than

was the case with the other two variables—that the effect of the AHS on the number of velocity

fluctuations persisted from one session to the next .

It might be assumed that these various effects occurred because the commuters were exposed to
repeated travel under automated control. However, there are other factors that should be consid-
ered. Bloomfield, Levitan, Grant, Brown, and Hankey examined the effect of a single, extended
exposure to automated travel using 48 drivers.(8) Thirty-six of these drivers traveled under auto-
mated control; the remaining 12 formed a control group. Each of the control-group drivers was
in the simulator vehicle for the same length of time as the drivers who experienced travel under
automated control; however, the controls drove the simulator vehicle throughout the $ess1on.
Bloomfield et al. found that there was less steering instability and less velocity instability, and
that there were more velocity fluctuations, after the drivers in their experimental groups had
traveled under automated control for an extended period of time—a result similar to that found in
the current experiment. However, they also obtained the same changes in performance for the
control-group drivers. Since the changes occurred for the control-group drivers as well as the
drivers in the experimental groups, Bloomfield et al. were not able to attribute the changes in per-
formance to the experience of traveling under automated control. Instead, they concluded that
the improvements in performance were either practice effects that occurred because, as the trial
progressed, the driver became increasingly familiar with driving the simulator vehicle, or were
the result of the driver spending time traveling in the vehicle, regardless of whether he/she was in

crntrol of the vehicle.(®)

As in the experiment conducted by Bloomfield et al., it is possible that practice or time spent
traveling in the vehicle were also factors in the current, commuter experiment. They could have
produced the changes in steering instability, velocity instability, and velocity fluctuations that
were obtained here. The important finding in this study, as far the Automated Highway System
is concerned, is that repeated exposure to automated travel in a commuter situation did not have a

negative effect on the driver’s lane-keeping and speed-control performance.

Bloomfield et al. did find two variables for which there were performance changes that suggested
that drivers who had experienced extended periods of automated travel may have driven more
aggressively after the experience—both the minimum following distance and the minimum in-
cursion gaps decreased for the experimental-group drivers after they traveled under automated

control.(® The current experiment provides similar hints: the comparison between the minimum

60



following distances in the pre-AHS sections and in the post-AHS sections of all eight sessions
for all six drivers indicated that, after traveling under automated control, there was a tendency for
the drivers to drive closer to the vehicle ahead than they had before; also, there was a suggestion

that the size of the minimum incursion gaps may decrease after the driver has traveled under au-

tomated control.

Although the number of steering oscillations was not significantly affected by travel in the auto-
mated lane, the level of steering instability for the commuter followed a consistent pattern. The
relationship between these two steering measures is illustrated schematically in figure 22. The
diagram shown there indicates, for each of the eight commuter sessions, the line of best fit for
steering and the number and amplitude of the oscillations around this line. It indicates the num-
ber of steering oscillations per minute ir the pre-AHS section of the drive and in each of the
seven 1-min segments of the post-AHS section. The figure shows that there were differences in
the number of oscillations in some seg nents, €.g., there were fewer oscillati Lus in the fourth
segment of the Monday afternoon session than there were in the other segments of that session.

However, as already mentioned, these differences were not statistically significant.

Figure 22 also indicates the extent of the steering instability—the greater the amplitude of the
oscillations, the larger the steering instability. The figure shows that the steering instability was
largest in the pre-AHS section of the first drive on Wednesday morning. It was smaller in the
seven 1-min segments of the post-AHS section of this session—and it was approximately this
small in all seven 1-min segments of the post-AHS sections of all eight sessicns. However,
when the eight pre-AHS sections are compared, it can be seen that the steering instability was
relatively low in all four afternoon sessions: while 1n the morning on Thursday, Friday, and
Monday, the steering instability was about halfway between the instability level on Wednesday

morning and the level on all four afternoons.

Both the velocity instability and the number of velocity fluctuations were found to be affected by
the commuter traveling under automated control. The relationship between these two speed-
control measures is illustrated schematically in figure 23. The figure indicates, for all eight
commuter sessions, the speed-control line of best fit along with the number and the amplitude of
the fluctuations around this line. It indicates the number of velocity fluctuations per minute in
the pre-AHS section of the drive and in each of the seven 1-min segments of the post-AHS sec-
tion. It shows that the number of velocity fluctuations was relatively low in the pre-AHS section
of the Wednesday morning session and that the number increased in the post-AHS segment of

the Wednesday morning session. The figure shows a similar pattern in the remaining seven
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Figure 22. Relationship between steering oscillations and steering instability (each horizontal
line represents the line of best fit for steering for each session).
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Figure 23. Relationship between velocity fluctuations and velocity instability (each horizontal
line represents the line of best fit for speed control for each session).
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sessions—relatively few fluctuations in the pre-AHS section of the sessions, followed by con-

siderably more fluctuations in the post-AHS segment.

The figure also indicates the extent of the velocity instability—the greater the amplitude of the
fluctuations, the larger the velocity instability. It shows that the velocity instability was largest in
the pre-AHS section of the first drive on Wednesday morning. It was smaller in the seven 1-min
segments of the post-AHS section of this first session—and was approximately as small in all the
post-AHS segments. However, when the eight pre-AHS sections were compared, the steering in-
stability was somewhat lower in all four afternoon sessions; while in the morning on Thursday,
Friday, and Monday, it was about halfway between the instability level on Wednesday morning

and the levels on all four afternoons.

The effect shown in figure 23 is in direct opposition to the results of an earlier study. Bloom-
field, Christensen, and Carroll found that in order to maintain a chosen velocity, before iraveling
in the AHS the driver made more frequent, smaller velocity corrections; while after traveling in
the AHS, the driver made less frequent, larger velocity corrections.(® However, in that study, the
drivers were exposed to the AHS for only brief periods, whereas in the current experiment, the

commuters repeatedly traveled under automated control for extended periods of time.
DRIVER ACCEPTANCE OF THE AHS

In addition to exploring how the commuter’s driving performance changed as a result of travel-
i» - under automated control, information was obtained about how the commuter’s trust in the
AHS changed with time. The average time that the commuter waited after engaging the AHS to
remove both hands from the steering wheel decreased with increasing use of the automated sys-

tem. It could be inferred that the commuter came to trust the AHS to take control of the vehicle.

MINIMUM GAP ACCEPTANCE

When the minimum accepted gaps for lane changes and the minimum rejected gaps for lane in-
cursions were examined, they were found to cluster in the region between 40 m (131 ft) and 60 m
(197 ft). A similar clustering of minimum accepted gaps and minimum rejected gaps was ob-
tained by Bloomfield, Levitan, Grant, Brown, and Hankey when they investigated the effect on
drivers of a single, extended exposure to automated travel.(®) The results of both the current and

the previous experiment suggest that the minimum gap acceptable for a lane change is in the
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40-m (131-ft) to 60-m (197-ft) region. When traveling at a speed of 88.6 km/h (55 mi/h), the

midpoint of this range is equivalent to a 2.0-s gap.

CONCLUSIONS

The underlying motivation for the series of studies in which drivers traveled under automated
control was to determine whether driving performance would deteriorate with increasing expo-
sure. The study by Bloomfield, Christensen, and Carroll suggested that this might be the case.(0)
After further investigation, with much longer exposure to the AHS, the results were mixed. Itis
arguable that the commuter’s lane-keeping and speed-control performance improved. After in-

creased exposure to travel under automated control, the commuter’s steering adjustments became
e/she made more frequent adjustments of smaller am-

more precise, while in controlling speed, h
a tendency for the driver

plitude. In contrast, after traveling under automated control, there was
to reduce the minimum following distunce to the vehicle ahead, and there r..ay have been a re-

duction in the size of the minimum incursion gap.
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APPENDIX 1. VIDEO NARRATIVE

INTRODUCTION

Before driving in the first session of this experiment, each of the six drivers who participated was

shown a video tape containing introductory material and experimental instructions. The text of

the narrative used in this video is presented below.

[A. Introducing the AHS]

Passage A.1:

Passage A.2:

Passage A.3:

The study in which you are about to participate is part of an on-going mvestlgatlon
of Automated Highway Systems. We are conducting the investigation for the
FHWA, the Federal Highway Administration. The FHWA is responsible for safcty
and travel effectiveness on our highways. In this investigation, the FHWA is
trying to determine how to design an Automated Highway System in order to
reduce congestion and to increase highway safety. We are conducting a series of
studies using the Iowa Driving Simulator. We will explore how an Automated
Highway System might work, and how well drivers would handle their vehicles in
such a system. The data provided by you, and others, will aid us in making
accurate and responsible recommendations about how to design and operate the
Automated Highway System. This is a test of the Automated Highway System,
not a test of you or your driving skills. We will maintain your privacy—your data

will never be presented with your name attached.

In this study, we are interested in whether the Automated Highway System might
help a driver who has to travel to work every day by car. We will ask you to drive
in the simulator vehicle as if you were going to work in the morning and returning
home at night for the next 4 days—that is, today, tomorrow, and on Friday of this

week: and then on Monday of next week.

The Automated Highway System could be designed in a number of ways. The
version that you will drive in today and in the next few days, has been installed on
a freeway with three lanes in each direction. In this freeway, the left-most lane is
reserved for automated traffic only. All the vehicles in this lane are under the
control of the Automated System. Thev will be arranged in strings—there may be
one, two, three, or four vehicles traveling together in each string. The vehicles in

the automated lane will be traveling at 65 miles per hour, faster than the traffic in
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the other two lanes. The right and center lanes are not automated: the vehicles in

them will be controlled manually by their drivers.

[A1. Practice]

Passage A.1: When you first get into the simulator today, you will be asked to drive on the
freeway for 5 minutes. This is to give you a chance to get used to the car and the
way that it handles before you drive to work. This will be the only time there will

be a practice drive.

[B. Driving on the Freeway]
Passage B.1: At the start of your drive to work, your car will be parked on a freeway entrance
ramp. You will drive from the entrance ramp into the right lane, and then, for

about 10 minutes, you will drive on the freeway.

Passage B.2: You will be able to drive in the right lane and the center lane, but not in the left
lane—that is reserved for automated vehicles. If you start to move into the left
lane, you will hear the following warning:

[“You’ve entered the left lane.
You’re not authorized to be in the left lane.

Return to the center lane immediately.”]

Passage B.3: While you are in the right or center lanes, you will drive among vehicles that are
not under automated control—these vehicles will behave in the way that traffic
usually behaves on a freeway. The speed limit in the right and center lanes is

55 miles per hour.

[C. Entering the Automated Lane]
Passage C.1: Now, I will describe how you enter the automated lane and join one of the strings

of automated vehicles.
Passage C.2: After driving your car for about 10 minutes, you will hear a message. If you are in
the center lane, the message will be:

[“Please remain in the center lane and wait for further instructions.”]

Passage C.3: When you hear this message, you should remain in the center lane. You will soon

hear further instructions.
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Passage C.4: If, at the end of the 10 minutes, you are not in the center lane, but are in the right
lane instead, you will hear this message:

[“Please move to the center lane and, when you get there, wait for further

instructions.”]
Passage C.5: You should move to the center lane as soon as it is safe to do so.

Passage C.6: After you have been in the center lane a few moments, you will hear the following

message:
[“To engage the automated system, push the On button now.”]

Passage C.7: When you push the On buiton, you will hear this message:
[“Welcome to the Automated Highway System. Your vehicle is now controlled by

the automated system. Y ou will enter the automated lane in a mnoment.”]

Passage C.8: The Automated System will take control. It will keep your car in the center lane,
controlling your speed and steering, while it waits for a suitable gap in the
automated lane. When it finds a suitable gap between two strings of automated
vehicles, the System will move your car into the automated lane. Then, it will
increase your speed gradually, until the gap between your car and the string of

vehicles ahead narrows and you become the last vehicle in that string.

Passage C.9: Let me review the entry procecure. You will be driving in the right or center lane.
If you are in the right lane, you will be asked to move to the center lane—if you are
already in the center lane, you will be asked to stay there. After a few moments,
you will be asked to press the On button to let the system know that you are ready
to enter the automated lane. When you press the On button, you will hear a
message informing you that the system has taken control of your car. It will move
you from the center lane to the automated lane, and increase the speed of your car

until you join the string of automated vehicles ahead of you.

[D. Traveling in the Automated Lane]
Passage D.1: For the next 25 minutes, the Automated Highway Systein will move you along
rapidly in the automated lane, steering your car and controlling its speed

automatically.
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[E. Leaving the Automated Lane]

Passage E.1:

Passage E.2:

Passage E.3:

Passage E 4:

Passage E.5:

Passage E.6:

After you have traveled in the automated lane for about 25 minutes, you will hear a
message informing you that you are about to leave the automated lane. This is
what you will hear:

[“You will leave the automated lane in 30 seconds. Once in the center lane, you

will be asked to resume control of your vehicle.”]

The Automated System will slow your car down to 55 miles an hour. It will
continue to control your car as it moves you into the center lane. Then, ybu will
hear the following message:

[“To regain control of the vehicle, put your hands on the steering wheel and press

the accelerator or brake pedal.”]

Yo. will not be able to tuke control of your car until you have heard this niessage.
But when you have heard the message, you should take control as soon as you can.
To take control, you must first hold the steering wheel, then press either the
accelerator or the brake pedal. When you have done this, the System will transfer
control of the car back to you, and you will hear the following message:

[*“You now have complete control of your vehicle.”]

Once you have complete control of your car, you will be able to drive in the right
lane «nd the center lane, but not in the left lane—that will still be reserved for

automated vehicles.

Let me review the procedure for regaining control of your car. You will hear the
message saying you are about to leave the automated lane. The Automated System
will reduce the speed of your car and move it to the center lane. You will hear a
second message telling you to take control of your car by holding the steering
wheel and pressing the accelerator or the brake pedal. After doing this, you will

hear a message confirming that you have control of your car.

You will then drive in the center and right lanes of the freeway until the end of the
drive. As you get near the end of your drive to work, you will hear this message:
[“In 30 seconds you will reach your destination. You should move into the right

lane and leave the freeway at the next exit.”]
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Passage E.7: When you hear this message, you should prepare to leave the freeway. If you are
in the center lane, you should move into the right lane as soon as it is safe to do so.

And if you are in the right lane when you hear the message, you should remain in
it, and leave the freeway at your exit.
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APPENDIX 2. MAP OF THE VISUAL DATABASE AND STRIP-MAP GUIDE FOR
THE DRIVER

Each commuter drove a fixed-distance route starting at Exit 7 (County Rd E) heading counter-
clockwise to Exit 27 (County Rd V) in the morning, and driving from Exit 27 (County Rd V)
heading clockwise to Exit 7 (County Rd E) in the evening. This emulated a commute to and
from work each morning and evening. Figures 24 and 25 show the actual route traveled by the
commuter in the morning and afternoon. Each commuter was aware of the upcoming exits via

the two strip maps depicted in figures 26 and 27.

Preceding page blank
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Figure 24. Map of route driven in the morning commute.
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APPENDIX 3. QUESTIONNAIRE

The following questionnaire deals with certain aspects of the driving simulator, the commuter
study that the participants took part in, and the Automated Highway System. The same

questionnaire was administered at the end of day 1, session 1, and day 4, session 2.

Instructions

The following series of questions deals with the driving simulator, the experiment that you just
took part in, and the Automated Highway System. For most of the questions, you will be asked
to provide a rating from O to 100. The meanings of the two endpoints of the scale are provided
for each question. Your answer can be any whole number between 0 and 100; do not use frac-
tions or decimals. A space is provided for you to write your answer in.

Example:

Question Scale Your Rating
How would you rate the 0 = Very unimportant

importance of air bags in 100 = Very important

driver safety?

If you think that air bags are pretty important in driver safety, you would provide a rating of over
50: the more important you think they are, the closer your rating would be to 100. If you think
that air bags are not too important, you would provide a rating of less than 50; the more unimpor-
tant you think they are, the closer your rating would be to 0.

Questions
Question Scale Your Rating
1. How much did you enjoy 0 = Notatall
driving the simulator? 100 = Alot
2. How did driving in the 0 = Very different
simulator compare to 100 = Very similar

driving in your car?

Very artificial
Very realistic

3. How realistic was the 0
view out of the wind- 100
shield in the simulator?

Very artificial
Very realistic

4. How realistic were the 0
sounds in the simulator? 100
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Question

5.

10.

How realistic was the
vehicle motion in the
simulator?

While driving the simula-
tor, how did you feel?

In this study, when your

car was under automatic

control, how did you feel
about the speed at which
you traveled?

In this study, when your
car was under automatic
control, how did you feel
about the separation dis-
tance between you and
the car ahead?

How understandable was
the message saying that
you should take control of
your car (“To regain con-
trol of the vehicle, put
your hands on the steer-
ing wheel and press the
accelerator or brake”)?

When you were given
back control of the car
after the period of auto-
mated travel, you took
control of speed and
steering at the same time.
How did you feel about
getting control back in
this way?

100

100

100

100

100

100

Scale Your Rating

Very artificial

Very realistic

Did not feel well
Felt fine

Would have pre-
ferred to go much
slower

Would have pre-
ferred to go much
faster

Would have pre-
ferred a much
longer separation
Would have pre-
ferred a much

shorter separation

Very hard to under-
stand
Very easy to under-
stand

This way was very
bad

This way was very
good
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11. Would you have preferred to have been given control of the car back in some other way?

O Yes (Please explain below.)
O No

Question
12. How would you describe C
the manner in which you 100
controlled your car imme-
diately after leaving the
automated lane?
13. After leaving the auto- 0
mated lane, you drove for
about 10 minutes. How
was your driving at the
end of the 10 minutes 100
compared to the begin-
ning?
14. Which lane did you prefer 0
to be in?
100
15. Which lane was it more 0
challenging to be in?
100
16. How would you feel if an 0
Automated Highway Sys- 100

tem were installed on
1-380 between Iowa City
and Waterloo?

Scale

o

Your Rating

Very uncoatrolled
Very controlled

Driving at the end
was very different
from driving at the
beginning

Driving at the end
was the same as
driving at the be-
ginning

Strongly preferred
manual lane
Strongly preferred
automated lane

More challenging in
the manual lanes
More challenging in
the automated lane

Very unenthusiastic

Very enthusiastic
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Question

17.

18.

19.

20.

21.

If an Automated Highway
System were installed on
1-380, what lane would
you prefer driving in?

If an Automated Highway
System were installed on
1-380, how would you
feel about your safety?

How would the installa-
tion of an Automated
Highway Sy ..em affect
the stress o: driving?

How much would you
like to be told as to why
the Automated Highway
System is doing things
with your vehicle, such as
accelerating, lane chang-
ing, and so on?

What kinds ¢© information would you find useful during an actual trip on an Automated

Highway System?

100

100

100

100

Scale

Would strongly pre-
fer manual lanes
Would strongly pre-
fer automated lane

Would feel much
safer without an
Automated High-
way System
Would feel much
safer with an Auto-
mated Highway
System

Would greatly
decrease stress
Would greatly
increase stress

Not at all
A lot

Your ‘Rating
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22, What kinds of information would you like to be able to provide fo the Automated Highway
System? (For example, if there is some disturbance on the road ahead, would you like to be
able to tell that to the System?)

23. Do you have any comments on the Automated Highway System?

24. What type of vehicle do you usually drive? Please check one and indicate the make and
year.
Make Year
Car
Van
Truck
Motorcycle

o000 00

Other (specify)

25. Does your vehicle have cruise control?

O Yes (Please go to question 26.)
@ No (Stop. You have completed the questionnaire.)
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Question Scale Your Rating

26. How often do you use the 0 = Hardly ever
cruise control on your 100 = Almost always
vehicle?
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APPENDIX 4. DRIVING MEASURES

Using ideas derived from regression analysis, Bloomfield and Carroll developed a set of lane-
keeping and speed-control measures.!” They showed how to determine two linear equations.
The first of these is a lane-keeping equétion that represents the line of best fit for a series of
points that indicate the offset of the center of a vehicle from the center of the lane, as the vehicle
travels along the freeway. The second is a speed-control equation that Bloomfield and Carroll
called a velocity maintenance equation, which represents the line of best fit for a second series of

points that indicate the velocity of a vehicle as it travels along the freeway.

The lane-keeping equation describes the position of the vehicle relative to the center of the lane
at a given time. It indicates how far the vehicle is offset to the left or right of the centerline of
the lane. It also shows whether the vehicle is veering to the left or to the right or is traveling
parallel to the lane throughout the seri>s of points. The variability of the ac.ual track of the
vehicle around this line of best fit is used, along with the number of crossings of the direction of
travel (or line of best fit), to indicate the stability of the driver in maintaining the track of the
vehicle. In the current experiment, daia were collected at a rate of 30 Hz so that as the vehicle
traveled along a straight road seg.ment, the track of the vehicle could be used to determine the
position of the center of the vehicle relative to a series of perpendicular lines drawn at 1/30-s

intervals. Bloomfield and Carroll assume that the series of positions could be described by the

fOHOWing linear equation:
P =a + b x ].

where:
P is the point (representing the center of the driver’s vehicle) at which the line of best fit
crosses the perpendicular across the lane after the vehicle has traveled distance x.
x is the distance traveled in the lane by the vehicle.
is the point at which the line of best fit crosses the perpendicular at the start of the

a
! straight road segment. If ap equals zero, it crosses the perpendicular line at its center.
Ifap is positive, then the line of best fit starts to the left of the centerline (assuming one
is looking in the direction of travel); and if ap is negative, it starts to the right of the
centerline.
bp isthe gradient of the line. If bp equals zero, the vehicle is traveling along the centerline

of the lane or parallel to it; if bp is positive, the vehicle is moving from the right of the
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lane to the left (assuming one is looking in the direction of travel); and if bp is negative,

the vehicle is moving from the left to the right of the lane.

The series of positions of the center of the vehicle is unlikely to fall exactly on a straight line.
However, since in comparison to the 3.66-m (12-ft) width of the lane, the vehicle will travel
along what is, relatively speaking, a very long, straight road segment, it is not unreasonable to
assume that the series of positions can be described by a linear equation. Since the equation
suggested by Bloomfield and Carroll is a linear regression equation, the line of best fit of this
eqliation can be calculated using the method of least squares. Using the method of least

squares—which minimizes the error in predicting p from x—ap and bp are calculated as

follows:

zﬂp}ZXﬁZp)
b = (2)
P @Y’
n
1
ap—;(z;)—bpzx), | 3)

where n is the number of data points obtained while the vehicle traveled distance x, and bp, p.

and ap are as defined following equation 1.

In addition, the variability in bp —the residual standard deviation—can be used as an estimate of
Ip , the steering instability. Ip provides an estimate of the variability in steering that occurs
when the driver is attempting to maintain a straight course along the line of best fit. Itis given

by the equation:

EoHEp 2
2 Y ap — ==
I = [sz—(zp) —-{ n } +(n-12) 4)
p n 2
2xz_(ZX)
n
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Equations | and 2 define the position of a vehicle in a straight road segment; equation 3 gives
information on steering drift across the lane (if there is any): and equation 4—along with the
number of crossings of the direction of travel (or steering oscillations)—provides a measure of

the smoothness or stability of the ride.

If there was to be a radical change in the direction of the vehicle—and the most radical change
that could occur while the vehicle remains in the lane would occur if, for example, the vehicle
first veered from the extreme right of the lane to the extreme left, then changed direction and
veered from the extreme left back to the extreme right of the lane—then the measures would
indicate the radical change since the steering instability would be relatively large, but there

would be only two steering oscillations.

The current experiment explored the driving performance of drivers while they were driving on
straight and curved segment. of expressway, both betore and after they had experienced traveling
under automated control. Bloomfield and Carroll also demonstrated that it is possible to use this
linear equation to describe the track of a vehicle traveling around a horizontal curve, as longv as
the position of the vehicle in the lane is determined relative to the cross section of the lane.( 17
When the road is curved and the position of the vehicle in the lane is determined relative to the
cross section of the lane, then at each moment, the position of the vehicle will be expressed rela-
tive to a line that is perpendicular to the tangent of the curve. In the current experiment, data
were collected at a rate of 30 Hz. As a result, around every curve there was a series of tangents
at 1/30-s intervals—each with a cross-sectional line that was perpendicular to it. On the cross-
sectional lines, a series of points that indicated a series of lane positions was recorded. When
these cross-sectional lines were considered together—and the wedge-shaped slivers of the curve
between them were ignored—the curve that the vehicle traveled around could be treated
mathematically as a straight line, and a linear equation could be used to describe the track of the

vehicle.

A set of equations similar to those used to describe lane-keeping performance can be used to
describe the driver’s ability to maintain the velocity of the vehicle. In this case, there are two
velocity maintenance measures. The first is a measure of the stability of velocity maintenance
(analyzing velocity at any given instant). The other indicates any tendency for the velocity to
drift higher or lower. This is determined by the number of velocity reversals across the line of
best fit (or velocity maintenance line). The equations used in this case differ in that p, ap, bp,
and Ip in equations 1, 2, 3, and 4 are replaced by v, ay, by, and k, respectively, in equations 5, 6,

7, and 8. Equations 5, 6, and 7 provide a description of how well the driver maintains velocity,
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equation 8 is a measure of smoothness or stability in maintaining velocity. These equations are

presented below:

where:

ay

v=a, + bvx (5)

5 gy EDEY)

b = L (6)
Y sz__(f.x)2
n
a = %(z v-b, Tx) ©
)2
_ 2_(ZV)2_{Z'W—__—_,1 J o

1= Ly —|+@-2) ®)

n sz_(Zx)

n

is the velocity, indicated by the line of best fit, after the vehicle has traveled distance x.
is the point at which the line of best fit intercepts the velocity axis at the start of the

straight road segment.

is the gradient of the line. If by equals zero, the vehicle is traveling at a constant
velocity; if by is positive, the velocity of the vehicle is gradually increasing; and if by is
negative, velocity is gradually decreasing.

is the number of data points obtained while the vehicle traveled distance x.

is the instability in velocity maintenance. It is an estimate of the extent of the velocity

fluctuations that occur when the driver is attempting to maintain a chosen velocity.
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